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Neurons are specialized cells that transmit information through electrical and 
chemical signals using structural processes known as dendrites and axons.  Dendrites 
receive information for the cell to interpret while the exceedingly long axon transmits the 
processed information to its target destination.  To ensure the neuron properly carries out 
its extracellular functions, the orchestration of intracellular cargo (e.g. mitochondria) is 
critical.  This is especially true in the axon, which can be up to a meter in length.  There 
are many challenges involved in the spatial and temporal regulation of cargo over such vast 
cellular distances.  In order to accomplish cargo transport between the cell body and axon 
terminus the neuron has developed an efficient process to overcome this challenge called 
axonal transport. 
Axonal transport utilizes a system of molecular motors coupled to cargo, creating 
a multi-motor complex, which walks along a set of tracks to position the cargo at the right 
time and place.  One class of molecular motors, called kinesin, are used to traffic cargo 
away from the cell body and walk along microtubule tracks.  These motors work in teams 
to navigate a complex microtubule landscape that is rich in microtubule-associated proteins 
(MAPs).  One MAP abundantly found within the axon is called Tau and is implicated in a 
variety of neurodegenerative disorders (e.g. Alzheimer’s disease).  Much attention has been 
focused on the kinesin-1 motor while investigating the axonal transport process.  However, 
kinesin-2 plays an equally important role and is not as well characterized as kinesin-1.  
Previously, it has been demonstrated, in vitro, that Tau disrupts kinesin-1 transport, even 
below physiological concentrations, however, in vivo evidence suggests the contrary.  
Given this discrepancy, there are likely other cellular systems in place to provide the 
necessary navigation of Tau obstacles.  One solution may involve multi-motor complexes 
using two kinesin family members attached to cargo, as both kinesin-1 and kinesin-2 have 
been observed coupled to cargo. 
In order to peel away the complex layers of kinesin-1 and kinesin-2 coupled cargo 
inside the axon, single-molecule imaging techniques were employed to observe the 
individual behavior of both kinesin-1 and kinesin-2, in vitro.  Further, using a combination 
of genetic engineering, single-molecule analysis and mathematical modeling has helped 
elucidate differences between these two motors.  Kinesin-2 was found to be insensitive to 
Tau obstacles, unlike kinesin-1, which is in part due to a longer region of the motor called 
the neck-linker.  This region connects the motor domain, which interfaces with the 
microtubule track, to the coiled-coil stock, which interfaces with the cargo.  When the neck-
linker lengths were swapped between the motors their behavior in the presence of Tau also 
switched, and kinesin-2 became sensitive to Tau.  To understand kinesin-2’s mechanism 
of navigating Tau obstacles, we looked at the lateral stepping characteristics of both 
motors.  We observed kinesin-2’s lateral stepping frequency to be higher than kinesin-1 
and independent of the microtubule obstacle concentration.  Thus, kinein-2’s longer neck-
linker allows a more agile walk along the microtubule surface to navigate obstacles more 
efficiently than kinesin-1.  In a multi-motor complex containing both motors, kinesin-2 is 
more efficient at maneuvering around MAPs while kinesin-1, which has previously been 
demonstrated to sustain a higher stall force, is more efficient at towing cargo.  This work 
demonstrates how teams of directionally similar motors may work together to position 
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CHAPTER 1: INTRODUCTION 
 
Axonal Transport 
Neurons are specialized cells that execute their electrical and chemical 
communication through dendrites and axons, which are two classes of structural processes 
that extend away from the cell body (Fig. 1-1).  Dendrites receive the electrical and 
chemical signals from neurons, while axons transmit these signals (Craig and Banker 
1994).  To maintain the incoming and outgoing neuronal signaling, which is critical to the 
overall physiology of neuronal systems, spatial and temporal regulation of intracellular 
cargo (e.g., mitochondria) is essential.  In the axon, which can be up to a meter in length, 
proper positioning of cargo requires a complex process for transport over such vast cellular 
distances.  The neuron has developed a highly regulated bidirectional transport system to 
accomplish proper cargo positioning called axonal transport.  This process is critical to the 
maintenance of the neuron, as impairment of the axonal transport process is a common 
pathogenic mechanism of neurodegenerative disorders (Caviston and Holzbaur 2009, 
Perlson, Jeong et al. 2009, Pigino, Morfini et al. 2009).  Specifically, Alzheimer’s disease, 
Huntington’s disease, Parkinson’s disease and amyotrophic lateral sclerosis (ALS) are all 
examples in which defects in the axonal transport process results in initiation or progression 
of neurodegenerative diseases (Encalada and Goldstein 2014, Wang, Tan et al. 2014, 
Wehenkel and Janke 2014).  These examples highlight the importance of understanding 




Axonal transport involves translocating cargo through the interactions of molecular 
motors (e.g., kinesin motors), regulatory proteins and cytoskeletal tracks (e.g., 
microtubules) (Fig. 1-1).  Within the axonal cytoplasm, cargo must travel through a 
crowded environment that contains other vesicles and numerous soluble proteins (e.g., 
unbound molecular motors, the cytoskeleton filaments and various binding proteins) 
(Encalada and Goldstein 2014).  Moreover, molecular motors (e.g., conventional kinesin) 
engaged with the tracks (e.g., microtubules) encounter various track-binding proteins (e.g., 
microtubule-associated proteins or MAPs), which sometimes hinder motor motility and so 
must find an efficient navigational route around them.  Cargo must also know when to 
navigate into axonal branches and know when it has arrived at its destination (e.g., 
mitochondria arriving at nodes of Ranvier in myelinated neurons (Chiu 2011)).  All this 
axonal trafficking is happening in a confined space where axon diameters range from 200 
nm to 20 µm (Assaf, Blumenfeld-Katzir et al. 2008).  To ease this congestion and ensure 
proper regulation of cargo, the axonal transport process is capable of directing traffic 
through an unknown mechanism. 
Anterograde directed cargo moves toward the axon terminus, while retrograde 
directed cargo moves in the opposite direction (Goldstein and Yang 2000, Chevalier-
Larsen and Holzbaur 2006).  Anterograde cargo moves at two different speeds, fast (50 - 
400 mm/day or 0.6 - 4.6 µm/s) and slow (10 – 50 times slower) (Brady and Lasek 1981, 
Garner and Lasek 1982, Hinckelmann, Zala et al. 2013).  Soluble and cytoskeletal proteins 
make up the slow component, while the membrane bound organelles (e.g., vesicles and 
mitochondria) make up the fast component, also called fast axonal transport (FAT) (Garner 
and Lasek 1982, Hinckelmann, Zala et al. 2013).  The bidirectional behavior of FAT 
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involves two types of oppositely directed molecular motors, kinesins and cytoplasmic 
dynein (or simply dynein) (Fig. 1-1).  Kinesin motors move cargo in the anterograde 
direction, while dynein motors move cargo in the retrograde direction.  The rest of the 
introduction will focus on the many layers of axonal transport regulation as it pertains to 
microtubules, kinesin motors and multi-motor complexes.  The following chapters will 
focus on two kinesin family members, kinesin-1 (conventional kinesin) and kinesin-2, as 
they relate to FAT. 
Figure 1-1: Axonal Transport Schematic.  The axonal transport process is essential to 
the overall development and maintenance of the neuron.  Within the axon (blue process) 
cargo is bidirectionally regulated.  Motors, as depicted by the Key, are coupled to cargo 
and walk along microtubule tracks (green).  These multi-motor complexes must navigate a 
microtubule landscape that contain numerous microtubule-associated proteins (MAPs), 
such as Tau (yellow).  Kinesin motors are responsible for anterograde motion or away from 
the cell body, while dynein motors are responsible for retrograde motion or toward the cell 





Microtubules represent one of three neuronal cytoskeletal filament classes 
(neurofilaments and actin make up the other two).  Tubulin heterodimers, composed of 55 
kDa α- and a ß-tubulin subunits, are the primary building blocks that make up the 
microtubule filaments (Fig. 1-2) (Correia and Williams 1983).   Tubulin dimers polymerize 
from nucleation sites and stack head-to-tail forming protofilaments, which also interact 
Figure 1-2: Schematic of the Microtubule Structure.  The microtubule is one of three 
neuronal cytoskeletal classes, which provides structural support for the neuron and a 
track for molecular motors to translocate cargo.  (A) Representation of a tubulin dimer, 
which is composed of α- and ß-tubulin subunits (dark green and light green 
respectively), and the tubulin ribbon structure.  Tubulin dimers are stack head-to-tail 
forming a (B) protofilament.  (C) Representation of a side-view perspective of a 
microtubule, which is made up of protofilaments, and (D) a cross section of a 13 
protofilament microtubule. Taxol is used to stabilize microtubules once polymerized. 
(Figure adapted from (Conde and Caceres 2009) and the ribbon structure is from the 
Protein Data Bank entry 1TUB.) 
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with adjacent protofilaments forming hollow tubes (Fig. 1-2) (Kirschner 1978).  In most 
cells, microtubules have 13 protofilaments (Tilney, Bryan et al. 1973, Wade and Hyman 
1997) and can range from 9 to 16 protofilaments, like the 15 protofilament microtubule 
found in C. elegans neurons (Amos and Schlieper 2005).  These filaments are dynamic and 
undergo growing and shrinking phases, which are driven by tubulin GTP hydrolysis 
(Mitchison and Kirschner 1984).  During in vitro polymerization, the rate of tubulin dimer 
addition, where each dimer contains one hydrolyzable GTP in ß-tubulin, is greater than the 
rate of nucleotide hydrolysis by tubulin creating a GTP cap (Mitchison and Kirschner 
1984).  However, when the rate of tubulin GTP hydrolysis catches up to and surpasses the 
tubulin dimer on-rate, the GDP tubulin dimers at the tips are unstable and lead to 
depolymerization or catastrophe (Mitchison and Kirschner 1984).  Tubulin polymerization 
resumes once tubulin depolymerization encounters a patch of tubulin dimers with 
unhydrolyzed GTP (Tropini, Roth et al. 2012), or GTP tubulin dimers cap the shrinking 
end and stabilize it (Mitchison and Kirschner 1984).  Though in the axon, microtubules are 
highly stable.  Axonal microtubules may be hundreds of microns in length and stable for 
weeks to months (depending on the length), which is attributable to tubulin post-
translational modifications (Song, Kirkpatrick et al. 2013). 
These basic microtubule properties not only provide the main highway for cargo 
transport that molecular motors (e.g., dynein and kinesin) use to translocate cargo 
(Conway, Gramlich et al. 2014), but also provide structural support for the axon (Dent and 
Baas 2013).  For example, in lobster axons, it was demonstrated there were two populations 
of microtubules, high and low affinity (Miller, Lasek et al. 1987).  High affinity or transport 
microtubules contained the vast majority of vesicles/cargo whereas the low affinity or 
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architectural microtubules contained very few cargo and were used for structural support 
(Miller, Lasek et al. 1987).  The myriad of microtubule functions are achieved from the 
various structural and chemical information retained within the microtubule lattice 
including: 1) tubulin isotypes, 2) unstructured C-terminal tails (CTT) on tubulin, 3) post-
translational modifications to CTTs, and 4) the tubulin nucleotide state. 
In humans, there are 7 α- and 8 ß-tubulin isotypes, which are highly conserved 
except in the unstructured C-terminal tails projecting away from the microtubule surface 
(Janke and Kneussel 2010, Janke 2014, Sirajuddin, Rice et al. 2014).  The ß-tubulin tails 
have the most variation compared to α-tubulin tails and they are the primary sites of post-
translational modifications (Banerjee, Roach et al. 1988, Sirajuddin, Rice et al. 2014).  The 
non-modified CTTs have an important regulatory role with respect to microtubule function.  
This was demonstrated, in vitro, by measuring the distance traveled or run length of single-
molecule molecular motors, where the motors walk in a hand-over-hand fashion along 
microtubules.  Altering the composition of the CTTs on the microtubule surface affected a 
motor’s ability to walk along the surface (Sirajuddin, Rice et al. 2014).  For example, if 
both CTTs are removed from the tubulin dimer, conventional kinesin’s velocity was 
reduced by 50% and its run length, which is a measure of how far the motor walks before 
dissociation, was reduced by 75% (Sirajuddin, Rice et al. 2014).  When only the α-tubulin 
CTT was removed, conventional kinesin’s velocity and run length was rescued, whereas 
the ß-tubulin CTT removal mimicked the double tubulin CTT truncation (Sirajuddin, Rice 
et al. 2014).  The dynein motor’s velocity was unchanged upon the CTTs removal, however 
the run length was cut in half (Sirajuddin, Rice et al. 2014).  Interestingly, ß-tubulin CTT 
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was important to restoring dynein’s motility as in the case of conventional kinesin 
(Sirajuddin, Rice et al. 2014). 
As mentioned above, the CTTs may be post-translationally modified, which can 
also influence a motor’s behavior (Sirajuddin, Rice et al. 2014, Yu, Garnham et al. 2015).  
CTTs can undergo detyrosination/tyrosination, glycylation, glutamylation, polyamination, 
phosphorylation and more (Fig. 1-3) (Yu, Garnham et al. 2015).  For example, it was 
demonstrated, in vitro, that detyrosination of α-tubulin did not affect dynein motility, but 
decreased conventional kinesin run length (Sirajuddin, Rice et al. 2014).  In primary 
cultured neurons, detyrosination also showed selective axonal translocation by 
conventional kinesin (Konishi and Setou 2009, Hammond, Huang et al. 2010, Kaul, 
Soppina et al. 2014), which was consistent with in vitro results.   
In addition to post-translational modifications to the CTTs, there are other well-
known non-CTT tubulin modifications.  On ß-tubulin, polyamination (putrescine, 
spermidine or spermine) is an important post-translational modification on glutamine 15, 
as it plays an essential role in microtubule stability (Fig. 1-3) (Song, Kirkpatrick et al. 
2013).  With the addition of polyamination, microtubules were protected from 
depolymerization (using cold/Ca2+ fractionation) (Song, Kirkpatrick et al. 2013), but the 
effect on motor motility is presently unknown.  Another well-known non-CTT 
modification is acetylation, which occurs on lysine-40 on the luminal side of α-tubulin 
(Reed, Cai et al. 2006).  There was speculation that acetylation modifies the microtubule 
structure because the acetyltransferase enzyme was thought to interact with the outside of 
the microtubule to get into the lumen and acetylate lysine 40.  However, cryo-EM evidence 
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shows there is no clear structural differences between acetylated and deacetylated 
microtubules (Fig. 1-3) (Howes, Alushin et al. 2014).  Interestingly, it was recently 
demonstrated that acetyltransferase does not modify the α-tubulin structure from the 
outside, but rather the inside by entering the lumen at the microtubule ends and diffusing 
within (Szyk, Deaconescu et al. 2014).  The effect of acetylation on conventional kinesin 
motility is conflicting.  From Tetrahymena axonemes, a lysine to arginine switch mutation 
at amino acid 40 in α-tubulin subunit, which prevents acetylation, decreased conventional 
kinesin’s affinity to the microtubule and reduced its run length (Reed, Cai et al. 2006).  In 
Figure 1-3: Tubulin Dimer Post-Translational Modifications Schematic. Post-
translational modifications are important for changing the behavior of microtubule 
surface proteins like kinesin motors. Ac = acetylation, α = α-tubulin, ß = ß-tubulin, P = 
phosphorylation, PA = polyamination.  Amino acids: E = glutamic acid, G = glycine, K 
= lysine, Q = glutamine, S = serine, Y = tyrosine. (Figure adapted from (Song, 




culture, hyper-acetylation leads to accumulation of conventional kinesin toward neurite 
tips in differentiated CAD (Cath.-a-differentiated) cells (Reed, Cai et al. 2006).  However,  
other work demonstrated acetylation does not directly influence conventional kinesin’s 
binding or run length when purified tubulin was acetylated in vitro  (Kaul, Soppina et al. 
2014).  Given the current acetylation results, any effect observed on conventional kinesin 
relies on extreme altercations (i.e., hyper-acetylated tubulin or mutant tubulin).  So there is 
likely no direct effect based on in vitro results, but indirect effects via recruitment of MAPs 
is possible in vivo. 
Interestingly, the combined effect of two PTMs, detyrosination and acetylation, on 
purified tubulin from HeLa cells showed two differences over the single modifications on 
conventional kinesin.  Detyrosinated microtubules increased velocity, while the dual 
modification decreased velocity and acetylation reduced the landing rate of conventional 
kinesin on detyrosinated microtubules (Kaul, Soppina et al. 2014).  So it appears that the 
effect of acetylation on motors (and possible microtubule-associated proteins) is extremely 
small, but that does not rule out whether there are additionally unknown roles for 
acetylation (e.g., proteins found within the microtubule lumen).  As evidenced through 
changing motor motility behavior, tubulin dimer’s PTMs are capable of regulating cargo 
transport. 
The final microtubule lattice modification is the tubulin dimer nucleotide state, 
which in vivo can exist in the GDP or GTP state (Nakata, Niwa et al. 2011).  Given 
microtubules known stability in the axon due to the post-translational modification by 
polyamination (Song, Kirkpatrick et al. 2013), the dynamic instability seen with the 
GDP/GTP state is not relevant.  In hippocampal neurons, it was demonstrated axonal 
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microtubules contained many GTP-rich regions compared to the dendrites and was 
speculated to be a signaling cue for conventional kinesin localization to axons (Nakata, 
Niwa et al. 2011).  In vitro, to mimic the GTP tubulin state (as GTP will hydrolyze to GDP) 
a GMPCPP nucleotide analog was used.  GMPCPP microtubules, compared to GDP 
microtubules, were stiffer, had a shallower protofilament twist angle and favored 14 
protofilament microtubules compared to 13 protofilaments (Vale, Coppin et al. 1994).  This 
structural difference impacted conventional kinesin motility behavior as GMPCPP 
microtubules lowered the characteristic run length by 20%, but did not affect velocity 
(McVicker, Chrin et al. 2011).  It was shown that a helix in GMPCPP ß-tubulin, H4, was 
pushed closer to one of kinesin’s unstructured loops, loop-L11, and was suggested this 
change at the kinesin-microtubule interface results in differences in motor behavior 
between the two nucleotide states (Yajima, Ogura et al. 2012).  The microtubule nucleotide 
state also was shown to alter the dynamic behavior (i.e., static versus diffusive) of MAPs, 
such as Tau (Fig. 1-4).  Testing the shortest and longest Tau isoforms, GMPCPP 
microtubules shifted both isoforms toward a mostly diffusive state compared to the mostly 
static state on GDP microtubules (McVicker, Hoeprich et al. 2014).  The number of 
modified microtubule structures produced from different tubulin isotypes, PTMs and 
nucleotide states provides specific cues for motors and MAPs to carry out their axonal 
transport functions. 
Microtubule-Associated Proteins (MAPs) 
Adding another layer of regulation to the axonal transport process are microtubule-
associated proteins (MAPs).  They not only contribute to microtubule structure, 
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dynamics/destabilization, location and signaling (Weingarten, Lockwood et al. 1975, 
Amos and Schlieper 2005), but also affect motor proteins motility behavior (Dixit, Ross et 
al. 2008, McVicker, Chrin et al. 2011).  Structural MAPs are found distributed along the 
microtubule, where they have repeating domains to bind to several tubulin dimers and are 
regulated by kinases and phosphatases (Amos and Schlieper 2005).  They are known to aid 
in assembly/dynamics, stabilization and organization of microtubule arrays.  Doublecortin 
is a structural MAP known to alter microtubule dynamics.  It is expressed in neurons and 
is linked to two diseases, subcortical band heterotopia and X-linked lissencephaly 
(Gleeson, Lin et al. 1999, Bechstedt and Brouhard 2012).  Doublecortin nucleates 13 
protofilament microtubules and stabilize them once polymerized (Moores, Perderiset et al. 
2004).  During assembly, it tracks the growing microtubule ends (or plus ends) through 
recognizing the bent protofilament plus ends and promotes the assembly of 13 
protofilament microtubules by cooperatively binding between protofilaments for stability 
(Bechstedt and Brouhard 2012, Bechstedt, Lu et al. 2014).  Doublecortin will increase 
microtubule stabilization and may prevent premature microtubule severing by enzymes.  
XMAP215 is another MAP that alters microtubule dynamics.  It tracks the plus ends and 
increases the rate of microtubule polymerization by localizing tubulin dimers to the 
microtubule tip (Brouhard, Stear et al. 2008). 
Other MAPs that alter dynamics, in particular destabilizers, include katanin and 
fidgetin.  Katanin is a heterodimer that forms a transient hexadimer, which disrupts the 
tubulin contacts in the microtubule lattice and severs the filament into smaller pieces 
(Amos and Schlieper 2005).  This is thought to play an import role in axonal maintenance 
and transporting microtubules in axons (Baas and Buster 2004, Whitehead, Heald et al. 
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2013).  Fidgetin also severs axonal microtubules, but is not involved in maintenance of 
microtubules like katanin.  Instead, it regulates neuronal development via severing of labile 
microtubules, which allows for controlled microtubule growth to properly develop the axon 
(Leo, Yu et al. 2015). 
MAPs that control location of microtubules, such as EB1, are important for higher 
ordered structures, such as microtubule arrays or branching.  EB1 is also known to track 
the plus ends and was demonstrated to increase microtubule growth and increase both the 
frequency of microtubule polymerization and depolymerization (Vitre, Coquelle et al. 
2008, Wieczorek, Bechstedt et al. 2015).  It also aids in steering microtubules, as 
demonstrated in vitro, to maintain microtubule polarity, which is important in neuronal 
branching (Chen, Rolls et al. 2014).  This is accomplished through EB1 binding kinesin-2 
(via APC protein connection) at microtubule plus ends and pulling the microtubule through 
a branch point (Chen, Rolls et al. 2014).  
The MAP2/Tau family is of particular importance as these MAPs are well 
conserved, affect both microtubule dynamics and motor motility behavior and are known 
to be implicated in disease states (Seitz, Kojima et al. 2002, Dehmelt and Halpain 2005).  
In neurons, MAP2 is predominantly found within dendrites where Tau is predominantly 
found within axons (Dehmelt and Halpain 2005).  Interestingly, knockout experiments 
demonstrate that neither MAP is essential by itself, but there are morphological 
phenotypes, like reduced microtubule density in both dendrites and small caliber axons 
(Dehmelt and Halpain 2005).  The MAP Tau is of extreme importance as it plays a 
significant role in neurodegenerative diseases, such as Alzheimer’s disease, frontotemporal 
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dementia with parkinsonism-17 and other Tauopathies (Encalada and Goldstein 2014, 
Zhang, Xing et al. 2015). 
Tau Protein 
Due to Tau’s impact in disease and its use in this dissertation, it is worth discussing 
in more detail.  There are six human isoforms of Tau expressed in the central nervous 
system, which are alternatively spliced from one gene (Fig. 1-4) (Neve, Harris et al. 1986).  
Tau consists of two regions a C-terminal microtubule binding domain, which interfaces 
with the microtubule surface, and an N-terminal projection domain, which projects away 
from the microtubule surface (Fig. 1-4) (Hirokawa, Shiomura et al. 1988).  Within the 
microtubule binding domain, Tau may either have three or four microtubule binding 
repeats, whereas within the projection domain, Tau may have zero, one or two acidic inserts 
(these combinations give rise to the six isoforms) (Fig. 1-4).  The microtubule binding 
repeats interact weakly with the microtubule, but combined have a large affinity and are 
thought to stabilize the microtubule (Butner and Kirschner 1991, Goode and Feinstein 
1994).  The projection domain may be involved in microtubule spacing and signaling 
(Hirokawa, Shiomura et al. 1988, Lee, Newman et al. 1998, Georgieva, Xiao et al. 2014).  
There is a proline rich region upstream of the microtubule binding repeats, which 
contributes to the binding affinity to microtubules (Goode, Denis et al. 1997) and regulating 
Tau’s dynamics through post-translations modifications (Kanaan, Morfini et al. 2011).  Tau 
is considered an intrinsically disordered protein (IDP) protein, as it contains minimal 
secondary structure, lacks tertiary structure and has few hydrophobic residues.  It has the 
ability to adopt multiple conformations and, thus, is capable of being involved in many cell 
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functions including signaling pathways, like controlling neurite extension (Dyson and 
Wright 2005, Morris, Maeda et al. 2011).  Tau is also a highly phosphorylatable protein 
and contains over 80 putative phosphorylation sites (Kolarova, Garcia-Sierra et al. 2012).  
Figure 1-4: Human Tau Isoforms and Schematic of Tau’s Dynamic Behavior. Tau is 
an important MAP known to exist primarily in the central nervous system and implicated 
in several neurodegenerative diseases. (A) The domain structure of the six human isoforms 
are listed in order from the longest (4RL) to the shortest (3RS) isoform. The N-terminal 
projection domain extends away from the microtubule surface, while the C-terminal 
microtubule binding domain interfaces with the microtubule surface.  The column on the 
right lists the names of the different isoforms with their molecular weight in parentheses. 
Tau has either three (3R) or four (4R) microtubule binding repeats (red).  In the N-terminus, 
Tau contains either zero (S), one (M) or two (L) acidic inserts (green). Thus, Tau’s 
nomenclature is based on the number of microtubule repeats and acidic inserts they contain. 
For example, the longest isoform contains four microtubule binding repeats and two acidic 
inserts or 4RL. The proline rich region (blue) is known to contribute to regulating Tau’s 
function. (Figure adapted from (Ballatore, Lee et al. 2007).) (B) Schematic of Tau’s 




In disease states (e.g., Alzheimer’s), Tau becomes hyperphosphorylated and will aggregate 
forming insoluble filaments, which are hallmarks of disease progression (Oboudiyat, 
Glazer et al. 2013). 
On the microtubule surface, there is little structural information about Tau’s 
interaction with microtubules.  Two Cryo-EM studies have observed Tau density both 
parallel and perpendicular to microtubule protofilaments (Al-Bassam, Ozer et al. 2002, 
Santarella, Skiniotis et al. 2004), which is not surprising given Tau is an IDP.  Also, it has 
been demonstrated that Tau exists in either a static or a diffusive state and can transition 
between the two (Fig. 1-4) (Hinrichs, Jalal et al. 2012, McVicker, Hoeprich et al. 2014).  
In vitro, the shortest Tau isoform (3RS) was demonstrated to be mostly static and formed 
multi-Tau complexes compared to the longest isoform (4RL), which was mostly diffusive 
and did not form complexes (McVicker, Hoeprich et al. 2014).  Tau’s dynamic behavior 
was confirmed in vivo with PC12 cells where the Tau-microtubule interaction was brief 
followed by rapid dissociation and reassociation with a different part of the same 
microtubule or association with a new microtubule, this behavior was described as a kiss-
and-hop interaction (Janning, Igaev et al. 2014).  Tau was also shown to alter microtubule 
dynamics by stabilizing and polymerizing microtubules in vitro (Witman, Cleveland et al. 
1976, Cleveland, Hwo et al. 1977).  In addition to affecting the microtubule dynamics, it 
also influences kinesin’s motility.  It was demonstrated in vitro that 3RS-Tau impeded 
kinesin-1 motility (Vershinin, Carter et al. 2007, Dixit, Ross et al. 2008) and 4RL-Tau was 
less inhibitory than 3RS-Tau (McVicker, Chrin et al. 2011).  This differential level of 
inhibition is from 3RS-Tau being mostly static and forming patches, which interfered with 
kinesin-1 motility.  4RL-Tau was more diffusive than 3RS-Tau, which inhibited kinesin-1 
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motility less (McVicker, Chrin et al. 2011, McVicker, Hoeprich et al. 2014).  However, in 
squid axons, human Tau does not disrupt cargo transport (Morfini, Pigino et al. 2007), 
unless it is post-translationally modified through phosphorylation.  For example, 
phosphorylation in the N-terminal and proline rich regions were demonstrated to slow 
kinesin-1 transport (LaPointe, Morfini et al. 2009, Kanaan, Morfini et al. 2011).  The MAP 
Tau is critical to regulating axonal transport, as its dynamic behavior regulates microtubule 
dynamics, cell signaling and the kinesin-1 motor. 
Kinesin Motors 
 Kinesin motors are essential for carrying out multiple cellular processes including 
intracellular transport and mitosis.  These enzymes convert chemical energy, through the 
hydrolysis of ATP, into mechanical energy utilizing the microtubule track.  There are forty-
five known mammalian kinesin genes, but there could be more from alternative splicing 
(Hirokawa, Noda et al. 2009).  There are six kinesin motor protein subfamilies used in 
axonal transport that move in the anterograde direction or away from the nucleus: kinesin-
1, kinesin-2, kinesin-3, kinesin-4, kinesin-11 and kinesin-13 (Hirokawa, Noda et al. 2009).  
Additionally, two other motor families are involved in axonal transport, dynein and 
myosin.  Dynein motors move in the retrograde direction or toward the nucleus, using the 
microtubule track.  Myosin motors use actin tracks, which are present in the axon, to walk 
along.  Myosin V moves in the anterograde direction and myosin VI moves in the 
retrograde direction (Bridgman and Elkin 2000).  Combined these three motor families aid 
in regulating axonal transport.  This dissertation focuses on two axonal specific kinesin 




 Conventional kinesin or kinesin-1 is found associated to mRNA-protein complexes, 
mitochondria, AMPA receptor vesicles and other membranous and non-membranous cargo 
(Hirokawa, Niwa et al. 2010).  There are three isoforms: kif5a, kif5b, kif5c, but kif5a and 
kif5c are neuron specific (Hirokawa and Noda 2008).  Kinesin-1 is a tetrameric protein 
consisting of two identical heavy chains (120 kDa per heavy chain) and two identical light 
chains (70 kDa per light chain) (Vale, Reese et al. 1985).  The heavy chain’s N-terminal 
motor domain interfaces with the microtubule surface and contains the nucleotide pocket, 
which hydrolyzes ATP to produce force and motion (Fig. 1-5).  Each motor domain is 
connected to the coiled-coil stalk through a short unstructured neck-linker domain (14 
amino acids) (Fig. 1-5).  The neck-linker docks with the motor domain after binding ATP 
in the post-power stroke state and becomes undocked in the pre-power stroke state (Fig. 1-
5).  At the C-terminal end of the heavy chains is the domain that binds both light chains 
and cargo (Fig. 1-5).  The hinge is a short unstructured flexible region in the coiled-coil 
(Hirokawa, Pfister et al. 1989)  that is capable of folding, which brings the motor domains 
and the tail-domain of the heavy chains together to inactivate the motor from stepping (Fig. 
1-5) (Kaan, Hackney et al. 2011).  This is called the autoinhibited state and contributes 
toward kinesin inactivation on bound and unbound cargo.  Activated kinesin-1 steps along 
the microtubule in a processive manner with 8 nm center-of-mass steps in a hand-over-
hand fashion (Asbury, Fehr et al. 2003).  Processivity relates to the motor’s ability to take 
numerous steps (~150 steps) without dissociating from the microtubule surface so one 
motor domain or head is always engaged on the microtubule surface.  Thus, kinesin 
walking requires each head to alternate between high and low affinity states with the 
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microtubule and be out-of-phase with the other head.  The high and low affinity states are 
Figure 1-5: Structure of Kinesin-1 and its Mechanochemical Cycle. (A) Cartoon 
representation of kinesin-1’s structural domains. (Panel A modified from (Woehlke and 
Schliwa 2000).) (B) A kinesin-1 motor domain ribbon structure in the pre- and post-
power stroke states. In the pre-power stroke state, the disordered neck-linker (not 
observed in the crystal structure) is not docked to the motor domain like it is in the post-
power stroke state, indicated by the red dashed circle.  When the neck-linker docks 
along the motor domain, it becomes ordered. (C) Kinesin-1’s mechanochemical cycle 
starts with kinesin-1 (blue) attached to a short protofilament (dark green α–tubulin, light 
green ß-tubulin) at the top and cycles clockwise. The red mark in kinesin-1’s motor 
domain is for reference to follow when heads switch position relative to each other. The 
nucleotide state for each head is displayed above it. Ø represents the apo-state (no 
nucleotide state). (Panel C recreated from (Milic, Andreasson et al. 2014). Ribbon 
structures are from the Protein Data Bank entry 1BG2 for pre-power stroke kinesin-1 
structure and 2KIN for post-power stroke kinesin-1 structure.) 
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described from the mechanochemical cycle, which represents both the ATP hydrolysis 
cycle and the subsequent mechanical movements of the motor during the conversion of 
chemical to mechanical energy.   
The cycle (Fig. 1-5) starts with kinesin’s front-head in the apo-state (no nucleotide) 
strongly bound to the microtubule, while the unbound rear-head is in a weak binding ADP 
state.  Upon ATP binding to the front-head the neck-linker will partially dock along its 
head and pull the unbound rear-head forward to switch positions and become the front-
head (Fig. 1-5) (Milic, Andreasson et al. 2014).  The neck-linker will completely dock upon 
ATP hydrolysis, which leaves the bound rear-head in a strongly bound ADP-Pi state and 
the unbound front-head in a weak binding ADP state (Milic, Andreasson et al. 2014).  There 
is now a race between the unbound weakly interacting front-head in the ADP state to bind 
and the strongly bound rear-head in the ADP-Pi state to detach.  If the rear-head in the 
ADP-Pi state releases Pi before the front-head binds and releases the ADP then the motor 
completely detaches from the microtubule and terminates its run (Fig. 1-5) (Milic, 
Andreasson et al. 2014).  Though, if the front-head releases ADP before the rear-head 
releases Pi then the front-head will strongly bind to the microtubule and step, which is the 
probable condition given kinesin-1’s processivity (Fig. 1-5) (Milic, Andreasson et al. 
2014).  For the cycle to complete, the rear-head in the ADP-Pi state releases Pi, which is 
the rate limiting step, and transitions the rear-head from a strongly bound to weakly 
interacting state (Fig. 1-5) (Milic, Andreasson et al. 2014). 
The two heads are able to stay out-of-phase by communicating with each other by 
tension sensed from one another through the neck-linkers (Rosenfeld, Fordyce et al. 2003).  
This is called gating and there are two gating mechanisms proposed for kinesin-1, which 
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are rear-head and front-head gating models.  The front-head gating model states when both 
heads are bound to the microtubule the rearward tension on the front-head prevents ATP 
binding (Chen, Arginteanu et al. 2015), which is supported by kinetic evidence that the 
rear-head enters a weak binding state before the front-head is capable of binding ATP 
(Mickolajczyk, Deffenbaugh et al. 2015).  The rear-head gating model states the binding 
of the front-head accelerates the detachment of the rear-head (Chen, Arginteanu et al. 
2015), which is not supported for kinesin-1.  This was demonstrated by locking kinesin-1 
in a two-head bound state (via AMPPNP, an analog of ATP) and the mADP on-rate was 
80-fold slower than in the one-head bound state (Rosenfeld, Fordyce et al. 2003). 
Kinesin-2 
Axonal kinesin-2 is found associated with Kv channels, N-cadherin and other 
membranous cargo-like endosomes (Hendricks, Perlson et al. 2010, Hirokawa, Niwa et al. 
2010).  Kinesin-2 is a trimeric protein consisting of two heterodimeric heavy chains and 
one accessory protein called kinesin-associated protein 3 or KAP3 (Fig. 1-6) (Hirokawa, 
Niwa et al. 2010, Scholey 2013).  There are three kinesin heavy chains, which are kif3A, 
kif3B and kif3C and are all about 80-89 kDa (Yamazaki, Nakata et al. 1995).  Kif3A will 
either dimerize with kif3B or kif3C making two kinesin-2 isoforms (kif3A/B or kif3A/C) 
and KAP3 (95 kDa) will bind to both forming the trimeric protein (Fig. 1-6) (Hirokawa, 
Niwa et al. 2010).  Both isoforms are ubiquitously expressed, especially in neurons with 
kif3A/B being the predominant isoform (Hirokawa and Noda 2008).  Like kinesin-1, the 
heavy chain’s N-terminal motor domain interfaces with the microtubule surface and 
contains the nucleotide pocket, which hydrolyzes ATP to produce force and motion (Fig. 
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1-6).  Each motor domain is connected to the coiled-coil stalk through a longer unstructured 
neck-linker domain compared to kinesin-1 (17 amino acids versus 14 amino acids, 
respectively) (Muthukrishnan, Zhang et al. 2009).  The neck-linker does dock along the 
motor domain, like kinesin-1’s neck-linker, after binding ATP in the post-power stroke 
state, and undocks in the pre-power stroke state (Fig. 1-5).  At the C-terminal end of the 
heavy chains is the domain that binds both kinesin-associated protein-3 (KAP3) and cargo 
(Fig. 1-6).  Like kinesin-1, kinesin-2 has a flexible hinge in the coiled-coil that has been 
demonstrated to undergo folding (Wedaman, Meyer et al. 1996), but confirmation of an 
autoinhibitied state has not yet been determined.  Kinesin-2 also steps along the 
microtubule with 8 nm center-of-mass steps in a hand-over-hand fashion (Muthukrishnan, 
Zhang et al. 2009), but is less processive or takes fewer steps than kinesin-1 (~120 steps) 
before dissociating from the microtubule surface.  Kinesin-2 walking requires each head to 
alternate between high and low affinity states with the microtubule and be out-of-phase 
with the other head, like kinesin-1, which is explained by its mechanochemical cycle (Fig. 
1-6). 
The kinesin-2 mechanochemical cycle shares many similarities to the kinesin-1 
mechanochemical cycle.  Starting with kinesin’s front-head in the apo-state (no nucleotide) 
strongly bound to the microtubule, the unbound rear-head is in a weak binding ADP state.  
Just like kinesin-1, upon binding ATP to the front-head the neck-linker will partially dock 
along the motor domain pulling the unbound rear-head forward (Fig. 1-6) (Chen, 
Arginteanu et al. 2015).  After the neck-linker completely docks, ATP hydrolysis leaves 
the bound rear-head in a strongly bound ADP-Pi state.  The unbound front-head is still in 
a weak binding ADP state and, like kinesin-1, there is a race between the unbound weakly 
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interacting front-head in the ADP state to bind and the strongly bound rear-head in the 
ADP-Pi state to detach.  If the rear-head in the ADP-Pi state releases Pi before the front-
head binds and releases ADP then the motor may detach from the microtubule and 
terminate its run, but this scenario is less likely than kinesin-1 (Fig. 1-6) (Chen, Arginteanu 
et al. 2015).  In fact, what is more likely for kinesin-2 is the rear-head releases Pi before 
the front head binds the microtubule and the motor stays attached in the one-head weakly 
bound ADP state (Chen, Arginteanu et al. 2015).  The front-head will then bind to the 
microtubule and release ADP and bind ATP quickly (Fig. 1-6) (Milic, Andreasson et al. 
2014).  Upon ATP binding, the front-head’s neck-linker will, again, partially dock along 
Figure 1-6: Structure of Kinesin-2 and its Mechanochemical Cycle. (A) Cartoon 
representation of kinesin-2’s structural domains. (Panel A modified from (Hirokawa, 
Niwa et al. 2010).) (B) Kinesin-2’s mechanochemical cycle starts with kinesin-2 (red) 
attached to a short protofilament (dark green α–tubulin, light green ß-tubulin) at the top 
and cycles clockwise. The blue mark in kinesin-2’s motor domain is for reference to 
follow when heads switch position relative to each other. The nucleotide state for each 
head is displayed above it. Ø represents the apo-state (no nucleotide state). (Panel B 
modified from (Chen, Arginteanu et al. 2015).) 
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the motor domain and will accelerate the detachment of the rear-head in the ADP state 
(Chen, Arginteanu et al. 2015).  This step bypasses the strongly bound apo-state of the 
front-head seen in the kinesin-1 cycle, and goes to the strongly bound ATP-state of the 
rear-head and weakly interacting ADP front-head (Fig. 1-6) (Chen, Arginteanu et al. 2015). 
 Kinesin-2’s ability to exist in a weakly bound one-head ADP state, unlike kinesin-
1, is unexpected.  However, kinesin-2 has a 20-fold higher microtubule binding affinity 
compared to kinesin-1 (Chen, Arginteanu et al. 2015).  This can be explained from a net 
+1 charge compared to kinesin-1 on loop 12 of the motor domain, which interfaces with 
the negatively charged microtubule surface (Chen, Arginteanu et al. 2015).  This increased 
affinity is at odds with kinesin-2’s reduced processivity compared to kinesin-1 as an 
increase in microtubule affinity should increase the processivity.  This is resolved by 
kinesin-2 spending a larger fraction of the ATP hydrolysis cycle in the weak state (~ 43%) 
compared to kinesin-1 (< 5%) (Chen, Arginteanu et al. 2015).  Thus, kinesin-2 may have 
a stronger affinity in the weak binding ADP state, but it spends more time here, which 
makes it more likely to detach and reduces the kinesin-2 processivity. 
 As with kinesin-1, kinesin-2’s heads stay out-of-phase by communicating with each 
other by tension sensed from one another through the neck-linkers (Rosenfeld, Fordyce et 
al. 2003).  Kinesin-1 is demonstrated to be front-head gated (when both heads are bound 
to the microtubule the rearward tension on the front-head prevents ATP binding), but 
kinesin-2 is rear-head gated, in which the binding of the front-head accelerates the 
detachment of the rear-head (Chen, Arginteanu et al. 2015).  This is supported by kinesin-
2’s microtubule dissociation rate in the single-head bound ADP state being 20-fold slower 
than the stepping rate, which indicates the rear-head detachment is accelerated  by binding 
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of the front-head in the two-head bound state (Chen, Arginteanu et al. 2015).  Further 
support comes from no effect on nucleotide binding under interhead strain (Chen, 
Arginteanu et al. 2015), which was seen in kinesin-1 (Mickolajczyk, Deffenbaugh et al. 
2015).  Both kinesin-1 and kinesin-2 motors share similarities in the direction and in the 
general manner in which they walk.  However, they are different in how their motor 
domains are gated, which suggests different functions in the axonal transport process. 
Multi-Motor Complexes 
 Cargo containing more than one molecular motor, dynein/myosin/kinesin, 
constitutes a multi-motor complex.  For example, mitochondria contain kinesin-1 and 
dynein (Schwarz 2013) and endo-lysosomes are known to contain both kinesin-1 and 
kinesin-2 as well as dynein (Hendricks, Perlson et al. 2010).  Sometimes, even though 
cargo may have more than one motor, not all the motors are engaged with the track and are 
in an inactive state, like kinesin-1 on some lysosomes (Maday, Twelvetrees et al. 2014).  
Thus, understanding how teams of motors, like myosin, dynein and kinesin, are recruited, 
activated and work together for the efficient transport of cargo is essential to understanding 
the regulation of axonal transport. 
Adaptor Proteins 
Motor proteins are coupled to their cargo through adaptor proteins, which may be 
regulated to recruit certain types of motors and regulate the activity of motor proteins 
themselves.  Miro / Milton is one adaptor complex that is required for recruitment and 
regulation of kinesin-1 on mitochondria (Glater, Megeath et al. 2006).  Specifically, Miro 
is imbedded into the mitochondria membrane and associates with Milton, which recruits 
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kinesin-1 (Glater, Megeath et al. 2006).  GTPase and EF-hand domains on Miro are thought 
to regulate kinesin-1 activity and mitochondrial movement (Glater, Megeath et al. 2006).  
A more ubiquitous adaptor protein that recruits kinesin-1, requiring the kinesin light chains, 
is c-jun N-terminal kinase interacting protein (JIP) (Verhey, Meyer et al. 2001).  There are 
three isoforms, JIP-1, JIP-2 and JIP-3, found on various cargos like JIP-1 on axonal 
autophagosomes and APP vesicles (Verhey, Meyer et al. 2001, Fu and Holzbaur 2013, Fu 
and Holzbaur 2014).  Kinesin-2’s adaptor proteins have not been carefully studied like 
kinesin-1, but fodrin, a spectrin like protein, is known to recruit kinesin-2 on membranous 
cargo (Takeda, Yamazaki et al. 2000).  Dynein has multiple adaptor proteins like 
Huntingtin protein (Htt) and Huntingtin-associated protein (HAP1) (Colin, Zala et al. 
2008).  Huntingtin protein will associate with the cargo membrane along with HAP1, this 
complex will recruit dynein and bind to dynein’s accessory protein called dynactin (Colin, 
Zala et al. 2008).  Dynactin is a cofactor for dynein, which regulates and recruits other 
adaptor proteins (Carter, Diamant et al. 2016).  LIS1, NUDEL and BicD2 are also known 
dynein adaptor proteins that regulate the activity of the motor protein like dynactin (Sasaki, 
Shionoya et al. 2000, Wang, Ketcham et al. 2013, McKenney, Huynh et al. 2014).  These 
examples demonstrate the complexity surrounding motor protein recruitment to cargo and 
their activation through adaptor proteins.  It also demonstrates another level of regulation 
in controlling multi-motor complexes and the axonal transport process. 
Motor Regulation During Axonal Transport 
In building complexity of multi-motor complexes, it is essential to understand how 
teams of motors move cargo.  There has been much attention toward understanding how 
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directionally opposing motors are coordinated to produce net movement, in either the 
anterograde or retrograde direction, and less about directionally similar motors.  There are 
three models to describe motor coordination during axonal transport: 1) selective 
recruitment 2) tug-of-war and 3) coordination (Fig. 1-7) (Fu and Holzbaur 2014).  Selective 
recruitment is the simplest model, which involves cargo selecting one type of motor (i.e., 
kinesin, dynein or myosin) and predicts highly processive unidirectional movement.  If 
kinesin motors are recruited then cargo would move in the anterograde direction, but if 
those motors dissociate and dyneins bind then the cargo would switch directions.  However, 
many cargos contain opposing motors so an association/dissociation model may not 
accurately describe motor coordination.  Many organelles in the axon have exhibited a 
back-and-forth motion (Hendricks, Perlson et al. 2010), which has given rise to the tug-of-
war model.  This model predicts that the net direction of cargo is the sum of the forces that 
are applied by the engaged motors.  But not all motors apply the same load.  For example 
kinesin-1 and kinesin-2 apply forces upwards of 5 – 7 piconewtons (Schnitzer, Visscher et 
al. 2000, Schroeder, Hendricks et al. 2012), but kinesin-2 detaches more readily than 
kinesin-1 under load (Andreasson, Milic et al. 2015).  Dynein has a smaller force 
production than kinesin-1 and kinesin-2, which is ~1 piconewton (Mallik, Rai et al. 2013).  
But in teams, dyneins can generate larger forces due to a catch-bond behavior (increased 
load on dynein increases the interaction with the microtubule) so a large dynein team is 
capable of withstanding the opposing force of kinesin-1 (Mallik, Rai et al. 2013).  So if a 
kinesin-1 motor pulls on a dynein motor the result would be a net movement in the 
anterograde direction unless there are multiple kinesin motors to oppose it, which is often 
the case.  For example, axonal endo-lysosomes have 1-2 kinesin motors and 6-12 dynein 
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motors (Hendricks, Perlson et al. 2010).  The sum of potential forces from each motor is 
roughly equal and so this model predicts a back-and-forth motion, which is observed with 
certain vesicles.  The tug-of-war model helps explain the frequent directional switching 
observed with these cargo, but it fails to explain the high processivity seen with other cargo 
like autophagosomes (Maday and Holzbaur 2014).  The last model, coordination model, 
states that all motors (e.g., dyneins and kinesins) are recruited to the cargo and are activated 
in a highly coordinated manner.  This model merged the two previous ones together by 
being capable of recruiting multiple types of motors to the cargo and utilizing one or more 
Figure 1-7: Three motor regulation models for cargo transport. (A) Selective 
recruitment model states that cargo recruit one kind of motor at a time (e.g., dyneins or 
kinesins), which determines the direction of movement.  (B) Tug-of-war model states 
multiple sets of motors are coupled to cargo (e.g., dyneins and kinesins) and the sum of the 
forces determines the direction of movement. (C) Coordination model, a combination of 
the previous two models, regulates coupled cargo (e.g., dyneins and kinesins) such that one 
kind of motor is active while the other is inactive. An example of the model involves the 
adaptor protein JIP-1 (purple).  In its dephosphorylated state, as depicted above, dynein is 
recruited and kinesin-1 becomes inactivated. The net cargo movement is in the retrograde 
direction. Upon JIP-1 phosphorylation, dynein detaches and kinesin-1 becomes activated 





than one kind of motor at a time.  This model would help explain both highly processive 
runs, by activating one set of motors (e.g., kinesin motors), and bidirectional behavior of 
some cargo, by activating two opposing motors (e.g., kinesin and dynein motors).  In the 
coordination model, the benefit of including a tug-of-war behavior would allow cargo to 
maintain a distribution of cargo along the axon, like mitochondria at nodes of Ranvier 
(regions of the axon that do not contain a myelin sheath) (Chiu 2011).  Having a selective 
recruitment behavior would allow the cargo to move in a highly processive manner to reach 
its target destination, like neurotransmitters reaching the axon terminus (Fu and Holzbaur 
2014).   The coordination model can explain the highest number of possible motile 
behaviors of cargo exhibited in the axon (Fu and Holzbaur 2014).  
Regulatory mechanisms, like post-translational modifications and adaptor proteins, 
will coordinate motor recruitment and activation / inactivation.  For example, kinesin-1 can 
be post-translationally modified directly on its motor domain (Ser-176), which reduces the 
load it can carry and biases an autoinhibited state (Deberg, Blehm et al. 2013).  Kinesin-1 
can also be regulated through adaptor proteins like JIP-1.  This adaptor protein recruits and 
activates kinesin-1, but only when it is phosphorylated (Fu and Holzbaur 2013).  Upon JIP-
1 dephosphorylation, kinesin-1 is deactivated and recruits dynein’s accessory protein 
dynactin and activated dynein, which switches the cargo from an anterograde to retrograde 
direction (Fig. 1-7) (Fu and Holzbaur 2013).  The Miro / Milton adaptor complex that 
couples kinesin-1 to mitochondria has EF-hand domains on Miro, as mentioned above, and 
in the presence of calcium (e.g., axon terminus) arrests the cargo by kinesin-1 inactivation.  
In the presence of calcium, the kinesin-1 motor domain binds to the Miro protein 
inactivating the motor, preventing motor / track engagement and arresting mitochondria 
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(Wang and Schwarz 2009).  The lipid membrane composition also affects motor 
coordination.  Dynein clustering was shown to occur in the presence of increased 
membrane cholesterol levels and Rab7, a cholesterol-associated adaptor protein (Rai, 
Pathak et al. 2016).  This lipid raft, which was formed during the maturation of phagosomes 
when fusing with endosomes, was necessary for coalescing dyneins for switching the cargo 
to a highly processive retrograde direction.  Another example of how the lipid composition 
affects motor coordination involves the fluidity of the lipid membrane and how intermotor 
forces alter how fast a cargo is moving as demonstrated with an ensemble of myosin V 
motors (Nelson, Trybus et al. 2014).  Teams of myosin V coupled to cargo with a gel-like 
lipid state moved more slowly than a single myosin V driven cargo, whereas teams of 
myosin V couple to cargo with a fluid-like state moved faster (Nelson, Trybus et al. 2014).  
The cell’s ability to regulate motor recruitment and activation / inactivation is essential to 
positioning multi-motor complexes at the right time and place for the axonal transport 
process. 
Scope and Purpose 
 Axonal transport, as described above, is a highly regulated process with numerous 
levels of control including, but not limited to: the microtubule lattice, microtubule-
associated proteins (MAPs), motors and multi-motor complexes.  One area of interest is 
how multi-motor complexes navigate the complex microtubule landscape, which contains 
numerous tubulin post-translational modifications and MAPs, in the anterograde direction.  
Specifically, how do multi-motor complexes containing both kinesin-1 and kinesin-2 
navigate microtubules decorated with the MAP-Tau, given how much is present in the axon 
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(2-4 µM (Morfini, Pigino et al. 2007))?  This question is not only significant to our 
understanding of axonal transport, but also our knowledge of disease processes.  
Interestingly, there is conflicting ex vivo and in vitro data regarding kinesin-1’s ability to 
navigate Tau in the anterograde direction.  Observation of bulk cargo flow in squid 
axoplasm (a demembranated axon), in the presence of physiological levels of human Tau 
(1 Tau per 12.5 tubulin dimers), does not inhibit fast axonal transport (FAT), where 
kinesin-1 is the primary motor for FAT (Morfini, Pigino et al. 2007).  However, several in 
vitro studies have observed Tau’s inhibition of kinesin-1 motility on microtubules 
(including teams of kinesin-1 motors) (Vershinin, Carter et al. 2007, Dixit, Ross et al. 2008, 
McVicker, Chrin et al. 2011).  Presently, it is unknown how kinesin-2, in vitro, navigates 
Tau obstacles.  Thus, the kinesin-1 paradox may be resolved through an unknown emergent 
property of multi-motor complexes within the axon by utilizing both kinesin-1 and kinesin-
2 motors to navigate Tau obstacles.  This dissertation will focus on the role of kinesin-2 in 
complementing kinesin-1 in translocating cargo. 
To tease away the complex layers of kinesin-1 and kinesin-2 coupled cargo inside 
the axon, we employed single-molecule imaging techniques to observe the individual 
behavior of both kinesin-1 and kinesin-2, in vitro.  In Chapter 2, we observed and 
characterized how kinesin-2 behaves in the presence of Tau obstacles compared to kinesin-
1 through a combination of genetic engineering, single-molecule analysis and 
mathematical modeling.  Kinesin-2 was found to be insensitive to Tau obstacles, unlike 
kinesin-1 (Hoeprich, Thompson et al. 2014).  We hypothesized kinesin-2 was insensitive 
to Tau due to its longer more flexible neck-linker, which may increase its ability to navigate 
Tau obstacles.  Kinesin-2’s neck-linker (17 amino acids) was 3 amino acids longer than 
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kinesin-1 (14 amino acids).   When the neck-linker lengths were swapped between kinesin-
1 and kinesin-2 their behavior in the presence of Tau also switched, where kinesin-2 
became sensitive to Tau.  So the kinesin neck-linker lengths were essential to navigating 
Tau obstacles.  We hypothesized kinesin-2 switches protofilaments to navigate around Tau 
and modeled the probability to side-step to an adjacent protofilament, based off of the neck-
linker length.  Kinesin-2 had a fivefold increase in side-stepping to an adjacent 
protofilament compared to kinesin-1. 
In Chapter 3, we investigated whether kinesin-2 was capable of switching 
protofilaments as a mechanism to navigate Tau obstacles.  Previous evidence demonstrated 
kinesin-2 was capable of such switching behavior (Brunnbauer, Dombi et al. 2012) and so 
was hypothesized to step around Tau obstacles.  We observed the kinesin-2 protofilament 
switch frequency to be higher than kinesin-1 and independent of the microtubule obstacle 
concentration.  Thus, kinesin-2’s longer neck-linker allows a more agile walk along the 
microtubule surface to navigate obstacles more efficiently than kinesin-1.   
In Chapter 4, a discussion of how multi-motor complexes containing both kinesin-
1 and kinesin-2 motors are more efficient at maneuvering around MAPs than without 
kinesin-2 is presented.  Additionally, discussion on experimental design for kinesin-1 and 
kinesin-2 coupled cargo traversing more physiologically relevant systems/obstacles is 
explored along with future directions using other kinesin motor proteins (i.e., kinesin-3) in 
axonal transport.  The work presented in this dissertation helps elucidate the importance of 
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The neck-linker is a structurally conserved region among most members of the 
kinesin superfamily of molecular motor proteins that is critical to kinesin’s processive 
transport of intracellular cargo along the microtubule surface.  Variation in the neck-linker 
length has been previously shown to directly modulate processivity in different kinesin 
families, e.g., kinesin-1, with a shorter neck-linker, is more processive than kinesin-2.  
While small differences in processivity are likely obscured in vivo by the coupling of most 
cargo to multiple motors, longer and more flexible neck-linkers may allow different 
kinesins to more efficiently navigate around the many obstacles, including microtubule-
associated proteins (MAPs) that are found on the microtubule surface within cells.  We 
hypothesize that kinesin-2, due to its longer neck-linker, can more easily navigate 
obstacles, such as MAPs, on the microtubule surface than kinesin-1.  We used TIRF 
microscopy to observe single-molecule motility from different kinesin-1 and kinesin-2 
neck-linker chimeras stepping along microtubules in the absence or presence of two Tau 
isoforms, MAPs known to differentially affect kinesin-1 motility.  Our results demonstrate 
kinesin-2, unlike kinesin-1, is insensitive to the presence of either Tau isoform and appears 
to have the ability to switch protofilaments while stepping along the microtubule when 
challenged by an obstacle, such as Tau.  Thus, while kinesin-1 may be more processive, 
the longer neck-linker length of kinesin-2 allows it to be better optimized to navigate the 
complex microtubule landscape.  These results provide new insight as to how kinesin-1 







Intracellular transport is a highly regulated bidirectional process required for 
normal cellular function, particularly in neurons, where anterograde cargo is transported to 
specific locations throughout the cell periphery and retrograde cargo is transported in the 
opposite direction (Goldstein and Yang 2000, Chevalier-Larsen and Holzbaur 2006).  
Through specific adaptor proteins, cargos couple with an ensemble of molecular motors 
including members of the kinesin, myosin and dynein families.  Different combinations of 
these motors, even from the same family, modulate cargo transport (Holzbaur and 
Goldman 2010).  For example, purified vesicles from adult mouse brains have been shown 
to contain dynein, kinesin-1 and kinesin-2, indicating an important regulatory role this, and 
other potential motor combinations, plays in microtubule-based cargo transport 
(Hendricks, Perlson et al. 2010).  Similar observations have been made for intraflagellar 
transport (IFT) particles that contain two kinesin-2 family members in cilia/flagella (Snow, 
Ou et al. 2004) and ribonucleotideprotein (RNP) complexes in Xenopus oocytes (Messitt, 
Gagnon et al. 2008) that contain both kinesin-1 and kinesin-2.  While models of 
bidirectional transport have traditionally focused on two opposing motors: kinesin-1 and 
dynein, an unresolved question is why cargo need two directionally similar motors to drive 
anterograde transport.  Presumably, different motor domains contribute to functionally 
distinct transport characteristics, but the significance of having at least two different plus-
end directed kinesin motors on the same cargo within the cell is presently unknown. 
Kinesin-1 and kinesin-2 are two plus-end directed microtubule-based motors that 
are co-localized on the same cargo in a number of different intracellular transport processes 
(Hendricks, Perlson et al. 2010, Maday, Wallace et al. 2012, Twelvetrees, Hendricks et al. 
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2012).  While it is known that kinesin-1 is more processive than kinesin-2 due to 
differences in the contour length of their neck-linker regions (Muthukrishnan, Zhang et al. 
2009, Shastry and Hancock 2010, Shastry and Hancock 2011), the physiological relevance 
of this difference is unclear given that many cargos are bound to multiple motors, which 
minimizes any potential differences in processivity at the single motor level (Block, 
Goldstein et al. 1990).  We hypothesize that, even more important than its effect on 
processivity, the neck-linker region contour length in kinesin-1 and kinesin-2 (Fig. 2-1, A 
and B) determine the efficiency in which specific kinesin family members can navigate 
obstacles on the microtubule surface in the crowded intracellular environment.  
Specifically, we expect kinesin-2’s longer neck-linker region (17 amino acids) to be more 
flexible than kinesin-1’s (14 amino acids), allowing it to more easily navigate the complex 
microtubule landscape within the cell.  
This landscape contains a number of different microtubule-associated proteins 
(MAPs) that kinesin-1 and kinesin-2 must navigate in order to deliver the cargo to their 
target destinations.  Many cell types, including neurons, contain microtubules decorated 
with Tau/MAP2/MAP4 family members, which have similar C-terminal microtubule 
binding repeats and have been shown to impede kinesin-1 motility in vitro and in vivo 
(Dehmelt and Halpain 2005, Al-Bassam, Roger et al. 2007).  Tau is a highly expressed 
MAP in the axon of nerve cells, which decorates the microtubule surface (Binder, 
Frankfurter et al. 1985).  There are six human isoforms of Tau (Goedert, Spillantini et al. 
1989) and they have been shown to aid in polymerization and stabilization of microtubules 
in vitro (Weingarten, Lockwood et al. 1975).  3RS-Tau is the shortest isoform, containing 
three C-terminal microtubule binding repeats and no N-terminal acidic inserts, while the 
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longest 4RL-isoform contains four C-terminal microtubule binding repeats and two N-
terminal acidic inserts (Fig. 2-1 C).  Both isoforms were shown to impede kinesin-1 
motility, in vitro, with 3RS-Tau being more inhibitory than 4RL-Tau (Vershinin, Carter et 
al. 2007, Dixit, Ross et al. 2008, McVicker, Chrin et al. 2011), but the effect of Tau on 
kinesin-2’s motility is unknown.  Intriguingly, non-mammalian kinesin-2 motor proteins 
have been observed, in vitro, to be capable of side-stepping to adjacent protofilaments on 
the microtubule surface, unlike kinesin-1 and mammalian kinesin-2, which have been 
shown to track a single protofilament in their processive walk along the microtubule 
surface (Brunnbauer, Dombi et al. 2012).  We hypothesize that, at the expense of its 
processivity, kinesin-2’s longer neck-linker region allows this motor, even mammalian 
kinesin-2, to navigate around obstacles, such as Tau. 
The purpose of this work is to determine the role of the neck-linker composition in 
kinesin’s ability to step along microtubules in the presence or absence of MAPs (3RS-Tau 
and 4RL-Tau) known to impede kinesin-1 motility.  We compare and contrast the 
characteristic run lengths, average velocities and pause behavior for kinesin-1 and kinesin-
2 constructs on different microtubule complexes in vitro, including chimeras in which the 
kinesin-1 and kinesin-2 neck-linker regions are effectively switched.  Our results 
demonstrate the importance of kinesin’s neck-linker in its ability to navigate around 
obstacles, such as Tau, on the microtubule surface and provide important new insight into 
the role of multiple kinesin family members in transporting single cargos through the 




Figure 2-1: Experimental reagents used for the single-molecule assay.  (A) Schematic 
of kinesin constructs illustrating the N-terminal globular motor domains, C-terminal 
coiled-coil stalk and the random coil neck-linker connecting the two motor domains.  The 
C-terminal end of Drosophila kinesin-1 was truncated at 559 and fused with an eGFP, while 
the kinesin-2 construct contained two mouse kif3A motor domains and their neck-linkers 
fused with the coiled-coil stalk of the kinesin-1 construct, which has been shown to be 
functionally equivalent to the wild-type kif3A/B heterodimer (Muthukrishnan, Zhang et al. 
2009).  (B) Primary amino acid sequence of the neck-linker regions of all four kinesin 
constructs used in the experiments.  Kinesin-1’s 14 amino acid neck-linker was lengthened 
to 17, kinesin-1+KAL, while kinesin-2’s 17 amino acid neck-linker was shortened to 14, 
kinesin-2PA_ΔDAL, as described by Shastry et al. (Shastry and Hancock 2010).  (C) Linear 
schematic of 3RS- and 4RL-Tau isoforms containing an acidic N-terminal region, a central 
proline-rich region (P1 and P2) and a microtubule binding region with three or four 
microtubule-binding repeats (R1-R4).  4RL-Tau contains two additional N-terminal acidic 
inserts (I1 and I2) and one additional C-terminal microtubule binding repeat (R2).  Tau 




MATERIALS AND METHODS 
Protein expression and purification 
All kinesin constructs contained Drosophila kinesin-1 neck and stalk domains 
(residues 346-559) fused with C-terminal eGFP and hexahistidine tags, and were expressed 
and purified as previously published (Shastry and Hancock 2010).  Kinesin-1 constructs 
contained the N-terminal motor domain and neck-linker from Drosophila KIF5 (residues 
1-345), while kinesin-2 constructs contained the motor domain and neck-linker from 
mouse kif3A (residues 1-359).  The kinesin-2pa_ΔDAL construct also included the deletion 
of the last three amino acids (D, A and L) and a single amino acid substitution (P355A) in 
the kif3A neck-linker, while the kinesin-1+KAL construct included the addition of three 
amino acids (K, A and L) between T344 and A345 of the Drosophila KIF5 neck-linker. 
Tau was expressed from 3RS- and 4RL-Tau plasmids, which were a generous gift 
from Dr. Stephen King, in BL21-CodonPlus(DE3)-RP E. coli cells (Stratagene, La Jolla, 
CA) using the isopropyl 1-thio-β-D-galactopyranoside-inducible pET vector system 
(Novagen, Madison, WI) and purified as previously described (Kar, Fan et al. 2003, 
McVicker, Chrin et al. 2011).  The 4RL-Tau construct contained a single amino acid 
substitution, C291I, to limit the labeling to one binding site, and was created using the 
QuickChange® site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA).  
Tau concentration was determined using the Bicinchoninic Acid Protein Assay (Pierce, 
Rockford, IL) using desalted, lyophilized 3RS- or 4RL-Tau as standards.  Samples were 
dialyzed against BRB80 (80 mM PIPES, pH 6.9 at room temperature, 1 mM EGTA, and 1 
mM MgCl2).  Tubulin was isolated from bovine brain (obtained from Vermont Livestock 
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& Slaughter, Ferrisburgh, VT),  using high molarity PIPES buffer (1M PIPES, pH 6.9 at 
room temperature, 10 mM MgCl2, and 20 mM EGTA) as previously described (Castoldi 
and Popov 2003).  Tubulin concentration was determined using the Bradford Assay 
(Sigma-Aldrich, St Louis, MO). 
Fluorescent-labeling of Tau 
Tau protein was incubated with a 10 fold molar excess of dithiothreitol (DTT) for 
two hours at room temperature and DTT was removed using a 2 mL 7K MWCO Zeba™ 
Spin Desalting Column (Pierce, Rockford, IL).  Tau was then incubated in a 10 fold molar 
excess of Alexa Fluor 546-C5 maleimide (Invitrogen) for an additional 2 hours at room 
temperature, and excess fluorophore was removed using a second desalting column.  
Labeling efficiency of Tau was determined by comparing the concentration of fluorophore 
to protein.  Tau concentration was determined as described in Materials and Methods, and 
dye concentration was determined using an extinction coefficient of 93,000 cm-1 M-1 at 554 
nm (Alexa Fluor 546) in a NanoDrop® ND-1000 spectrophotometer (Thermo Scientific, 
Rockford, IL).  The 3RS-isoform was labeled at C233 and the 4RL-isoform was labeled at 
C322.  Labeling efficiency was determined to be 79-85% for both Tau isoforms.   
Microtubule preparation and labeling 
Tubulin was thawed on ice and centrifuged at 350,000 x g for 20 minutes at 4oC 
before polymerization.  Tubulin was then supplemented with either 1 mM GTP (Sigma-
Aldrich, St Louis, MO) or Guanosine-5'-[(α,β)-methyleno]triphosphate, Sodium salt 
(GMPCPP) (Jena Bioscience, Jena, Germany) and unlabeled tubulin was mixed with 
rhodamine-labeled tubulin (Cytoskeleton, Inc., Denver, CO) at a 1:10 labeled to unlabeled 
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ratio.  For paclitaxel microtubules, 100 µL of 39 µM tubulin was incubated in BRB80 at 
37°C for 20 minutes followed by the addition of paclitaxel (Sigma-Aldrich, St Louis, MO) 
to a final concentration of 20 μM.  For GMPCPP microtubules, 20 µL of 39 µM GMPCPP-
tubulin was incubated in BRB80 at 37°C for 20 minutes followed by four additions of 20 
µL of 39 µM GMPCPP-tubulin, each followed with a 20 minute incubation prior to the 
next addition (McVicker, Chrin et al. 2011). This process ensured long enough 
microtubules suitable for use in the single molecule imaging experiments. 
For experiments performed in the presence of Tau, tubulin polymerization was 
performed as described above, except labeled tubulin was excluded.  Instead, stabilized 
microtubules were incubated with either Alexa 546 3RS- or 4RL-Tau at a ratio of 1:5 Tau 
to tubulin at 37oC for an additional 20 minutes.  The samples were centrifuged at room 
temperature for 30 minutes at 16,000 x g and the pellet was resuspended at 37oC in Motility 
Assay Buffer (MAB) (10 mM PIPES, pH 7.4 at room temperature, 50 mM potassium 
acetate, 4mM magnesium acetate, 1 mM EGTA), 10 mM DTT and an oxygen scavenger 
system (5.8 mg/mL glucose, 0.045 mg/mL catalase and 0.067 mg/mL glucose oxidase) 
(Sigma-Aldrich, St Louis, MO).  20 µM paclitaxel was supplemented into all solutions 
containing paclitaxel microtubules. 
Single-molecule TIRF assay 
Flow chambers were prepared by adhering ARTUS shims (Englewood, NJ) with 
Norland Optical Adhesive (Cranbury, NJ) to siliconized glass cover slips.  Samples were 
prepared by incubating the flow chamber with monoclonal anti-β III (neuronal) antibodies 
(Sigma-Aldrich, St Louis, MO) at 33 µg/mL in MAB for 5 minutes. The chambers were 
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washed and blocked with 0.5 mg/mL of bovine serum albumin (BSA) in MAB for an 
additional 2 minutes before the addition of 1 µM of the desired microtubule preparation, 
followed by incubation for another 12 minutes.  The chambers were washed with MAB 
and 1 nM of the desired kinesin construct, with 1 mM ATP, was added just prior to image 
acquisition for all experimental conditions examined.  It should be noted that due to 
differences in buffer conditions our observed kinesin run lengths data in MAB is different 
than previously measured values in BRB80  with the same constructs (Shastry and Hancock 
2010). 
Total internal reflection fluorescence (TIRF) microscopy was performed at room 
temperature using an inverted microscope (Eclipse Ti-U; Nikon) equipped with a 100X 
plan apochromatic objective lens (1.49 NA) and auxiliary 1.5X magnification.  Kinesin-
eGFP constructs were excited with a 473 nm argon laser and imaged through an emission 
525/50 band-pass filter.  Alexa 546-labeled 3RS-Tau or 4RL-C291I Tau and rhodamine-
labeled tubulin were excited with a 532 nm argon laser and imaged through an emission 
605/70 band-pass filter.  Images were obtained using an XR/Turbo-Z camera (Stanford 
Photonics) running Piper Control software (v2.3.39).  The pixel resolution was 95.0 nm 
and all movies were acquired at 5 frames/second with the exception of kinesin-2 GMPCPP 
data, which was acquired at 3.33 frames/second.  Representative movies of the single 
molecule TIRF assay are found in the Supporting Material (Movies 2-S1-S4).  
Data analysis 
Motility was measured using the MTrackJ plug-in for ImageJ software, version 
1.46r (National Institutes of Health, Bethesda, MD) and track lengths were measured using 
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the segmented line tool in ImageJ.  Average velocity values from events were plotted in a 
histogram and fit to a Gaussian distribution and the mean and standard deviation were 
reported.  Characteristic run length measurements were calculated as described by 
Thompson et al. (Thompson, Hoeprich et al. 2013).  In brief, run length events were fit to 
a cumulative frequency plot to determine the characteristic run length.  A calculated 
characteristic run length, Xexpected, was determined, which minimizes any track distribution 
bias effects (error was the 99% confidence level of the resampled data set repeated 1,000 
times).  All reported characteristic run lengths are reported as Xexpected.  Lastly, determining 
significance between two data sets was calculated by a permutation resampling algorithm 
(Thompson, Hoeprich et al. 2013). 
Pause events were scored from kymographs generated from kinesin-1 and kinesin-
2 motility in the presence or absence of 3RS-Tau on paclitaxel microtubules using 
the Multiple-Kymograph Plugin with ImageJ (Fig. 2-4).  Pauses were further categorized 
as stepping after a pause (pause-step) or terminating after a pause (pause-terminate).  A 
pause was defined as movement less than or equal to 5 pixels in the spatial direction and 
greater than or equal to 0.4 seconds in the temporal direction.  (The estimated Rayleigh 
diffraction limited spot for an eGFP fluorophore is 274 nm.  The camera resolution was 95 
nm / pixel and the spot size was 2.9 pixels, but to be conservative the spot was widened to 
5 pixels or 475 nm.)  A Z-test was used to measure significance of proportions for all pause 






Kinesin-2’s characteristic run length is not affected by Tau 
Single molecule motility of both kinesin-1 and kinesin-2 motors was observed by 
TIRF microscopy in the absence and presence of the 3RS and 4RL isoforms of Tau on 
either paclitaxel microtubules, representing a GDP nucleotide state, or GMPCPP 
microtubules, mimicking a GTP nucleotide state of the microtubule lattice.  While the 
presence of 3RS- and 4RL-Tau or the GMPCPP nucleotide state of the microtubule lattice 
have been previously shown to reduce the in vitro motility of kinesin-1 (Vershinin, Carter 
et al. 2007, Dixit, Ross et al. 2008, McVicker, Chrin et al. 2011), their effects on kinesin-
2 motility are currently unknown. 
In the absence of Tau, kinesin-1’s characteristic run length was observed to be 33% 
higher on paclitaxel microtubules than on GMPCPP microtubules (1.53 ± 0.27 µm vs. 1.15 
± 0.30 µm (Figs. 2-2 A and 2-3 A, Tables 2-1 and 2-2)) ( p-value = 3 x 10-4), in agreement 
with previous results (McVicker, Chrin et al. 2011).  Kinesin-2’s characteristic run length 
was also increased by 26% on paclitaxel microtubules relative to that observed on 
GMPCPP microtubules (1.03 ± 0.24 µm vs. 0.81 ± 0.16 µm (Figs. 2-2 D and 2-3 D, Tables 
2-1 and 2-2)) (p-value = 1 x 10-3). 
In both cases, the processivity was reduced going from a GDP to a GTP-like 
microtubule state, demonstrating that kinesin-2, like kinesin-1 (McVicker, Chrin et al. 
2011), is sensitive to differences in the nucleotide state of the microtubule lattice.  This 
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nucleotide sensitivity may result from a structural change in the microtubule’s motor 
 
Figure 2-2: Characteristic run length comparison between kinesin-1 and kinesin-2 on 
paclitaxel microtubules.  (A-C) Cumulative frequency plots of kinesin-1 in the absence 
or presence of 3RS- or 4RL-Tau.  (D-F) Cumulative frequency plots of kinesin-2 in the 
absence or presence of 3RS- or 4RL-Tau. (Black dots represent the raw run length data and 
the gray curve is the observed cumulative frequency.  The expected characteristic run 
length, derived from the microtubule length distribution, is shown within each graph.  The 
error represents the 99% confidence interval and a p-value of less than 0.01 was considered 
significant.  *Represents a statistically significant difference from the characteristic run 




Table 2-1: Summary of kinesin motility on paclitaxel microtubules in the absence and 
presence of Tau. Xobserved is the measured characteristic run length, Lobserved is the 
characteristic microtubule track length, Xexpected is the expected characteristic run length to 
adjust for differences in the microtubule track length distribution.  The error represents the 








































































































































































binding site: it was recently shown kinesin-1 preferentially binds to GMPCPP microtubules 
(Nakata, Niwa et al. 2011).  This preference is thought to be due to β-tubulin’s C-terminal 
half of helix H4 being pushed toward kinesin as well as helix H4 making longitudinal 
contact with α-tubulin’s helix H11, which better positions the canonical kinesin binding 
site to interact with kinesin-1’s loop L11 (Yajima, Ogura et al. 2012).  Repositioning of 
kinesin’s binding site on the microtubule could change kinesin’s kinetics in the weak 
binding (ADP) state.  As processivity is controlled by the race between front head binding 
and rear head detachment from the microtubule, an accelerated detachment on GMPCPP 
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microtubules in the weak binding (ADP) state should decrease kinesin’s run length, 
consistent with our observations for both kinesin-1 and kinesin-2.  
In the presence of Tau, both the 3RS- and 4RL-isoforms reduced kinesin-1’s 
motility on paclitaxel microtubules, as expected, with 3RS-isoform having a greater effect 
than the 4RL-isoform (0.99 ± 0.24 µm, p-value = 2 x 10-6 vs. 1.12 ± 0.31 µm, p-value = 5 
x 10-4, respectively (Fig. 2-2, B and C, Table 2-1)) compared to bare microtubules (1.53 ± 
0.27 µm (Fig. 2-2 A)).  Interestingly, and contrary to kinesin-1, neither Tau isoform 
impeded kinesin-2’s characteristic run length (3RS-Tau: 1.16 ± 0.27 µm, p-value = 0.03; 
4RL-Tau: 1.08 ± 0.34 µm, p-value = 0.03 (Fig. 2-2, E and F, Table 2-1)) on paclitaxel 
microtubules compared to bare microtubules (1.03 ± 0.24 µm (Fig. 2-2 D)), indicating that 
unlike kinesin-1, kinesin-2 is not sensitive to the presence of either isoform of Tau on the 
microtubule surface. 
On GMPCPP microtubules kinesin-1 was not impeded by either isoform of Tau 
(3RS: 0.93 ± 0.24 µm, 4RL: 0.92 ± 0.27 µm (Fig. 2-3, B and C, Table 2-2)), as their 
characteristic run lengths were similar to that observed on bare microtubules (1.15 ± 0.30 
µm) (Fig. 2-3 A, Table 2-2).  Kinesin-2, like kinesin-1, also was not impeded by either 
isoform of Tau (3RS: 0.86 ± 0.25 µm, 4RL: 0.82 ± 0.25 µm (Fig. 2-3, E and F, Table 2-
2)), as their characteristic run lengths were similar to that observed on bare microtubules 






Figure 2-3: Characteristic run length comparison between kinesin-1 and kinesin-2 on 
GMPCPP microtubules.  (A-C) Cumulative frequency plots of kinesin-1 in the absence 
or presence of 3RS- or 4RL-Tau.  (D-F) Cumulative frequency plots of kinesin-2 in the 
absence or presence of 3RS- or 4RL-Tau.  (Black dots represent the raw run length data 
and the gray curve is the observed cumulative frequency.  The expected characteristic run 
length, derived from the microtubule length distribution, is shown within each graph.  The 










Table 2-2: Summary of kinesin motility on GMPCPP microtubules in the absence and 
presence of Tau. Xobserved is the measured characteristic run length, Lobserved is the 
characteristic track length, Xexpected is the expected characteristic run length to adjust for 
differences in the microtubule track distribution.  †Represents a statistically significant 
difference from that observed on paclitaxel microtubules.  The error represents the 99% 






























































































Kinesin-2 steps more frequently after a pause than kinesin-1 
To further explore kinesin-2’s uninterrupted characteristic run length on Tau-
decorated paclitaxel microtubules, the number of pauses were counted for kinesin-1 and 
kinesin-2 in the absence and presence of 3RS-Tau.  Kinesin-1 is known to pause in its 
processive walk along the microtubule (Asbury, Fehr et al. 2003, Guydosh and Block 
2006), and such events are even more likely to occur upon encountering an obstacle, such 
as Tau.  Kinesin’s response after a pause will either be to keep stepping or to dissociate 
from the microtubule track, terminating the processive run. Thus, we predicted that both 
kinesin-1 and kinesin-2 would be more likely to pause during their processive runs along 
the microtubule in the presence of Tau than in its absence.  Furthermore, if kinesin-2 can 
navigate Tau obstacles on the microtubule track while kinesin-1 cannot, we expected that 
kinesin-2 would be more likely to continue stepping after a pause, while kinesin-1 would 
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be more likely to terminate its processive run.  Observed pausing events were categorized 
as either terminating after a pause (pause-terminate) or stepping after a pause (pause-step) 
(Fig. 2-4).  In the absence of Tau, kinesin-2 is 7% more likely to pause than kinesin-1, but 
in the presence of 3RS-Tau, it is 18% (i.e., more than twice as likely to pause than kinesin-
1) (Table 2-3).  Interestingly, the pause-step percentages of kinesin-2 and kinesin-1 are 
similar, in the absence of Tau; however, in the presence of 3RS-Tau, kinesin-2 is 15% more 
likely to step after a pause compared to kinesin-1, which is significant (p-value = 0.05) 
(Table 2-3).  Thus kinesin-2 prefers to step rather than terminate after a pause, in contrast 
to kinesin-1 which is more likely to terminate its processive run after a pause, in the 
presence of 3RS-Tau (Fig. 2-4).  Kinesin-2’s ability to more efficiently step after a pause 
is consistent with its unchanged characteristic run length in the presence of either isoform 
of Tau.  Similarly, kinesin-1’s characteristic run length decreases in the presence of Tau, 
which is consistent with its decrease in the number of steps after a pause event. 
Table 2-3: Summary of kinesin-1 and kinesin-2 pausing behavior on paclitaxel 
microtubules in the absence and presence of 3RS-Tau. Significant differences in dwell 
times were calculated with a Mann-Whitney U Test.  Histograms of dwell time data found 
in the supporting material.  *Represents significance (p ≤ 0.05) from its no Tau condition.  
†Represents significance (p ≤ 0.05) from kinesin-1 with the same Tau condition.  Dwell 
time errors represent 95% confidence intervals. 
 
Kinesin-1 
No Tau (N=392)       3RS-Tau (N=245) 
Kinesin-2 
No Tau (N=305)        3RS-Tau (N=295) 
# of Pauses 81 35 83 95 
% of Total Events 20.6 14.3* 27.2† 32.5† 
Dwell Time (sec) 2.79 ± 0.45 3.84 ± 0.60* 3.13 ± 0.31† 2.38 ± 0.31*† 
# of Steps After a 
Pause 
24 8 22 36 
% of Pause Events 29.6 22.9 26.5 37.9*† 
Dwell Time (sec) 2.41 ± 0.51 3.03 ± 0.87 3.01 ± 0.41 1.88 ± 0.18* 
# of Terminations 
After a Pause 
57 27 61 59 
% of Pause Events 70.4 77.1 73.5 62.1*† 




Figure 2-4: Representative kymograph images of kinesin-2 pausing events observed 
during processive movement along paclitaxel microtubules.  (A) Uninterrupted 
processive movement (non-pause event) in the absence of Tau.  (B) Pause-termination 
event in the presence of 3RS-Tau.  (C) Pause-step event in the presence of 3RS-Tau.  Scale 
bars represent 2 µm.  Animations in panels A-C are not drawn to scale and are for visual 
effect.  (D) Kinesin-1 and kinesin-2’s percentage of pause-step events in the absence and 
presence of 3RS-Tau.  Kinesin-2, in the presence of 3RS-Tau, is more likely to step after a 
pause relative to kinesin-1.  Error bars represent standard error. *Represents significance 
between the absence and presence of 3RS-Tau, p-value = 0.05. 
 
Truncation of kinesin-2’s neck-linker confers susceptibility to inhibition by Tau 
Kinesin-2’s insensitivity to Tau on paclitaxel microtubules could be due to changes 
in the biochemistry or mechanics of the motor domain or to differences in the neck-linker 
length.  We hypothesize that this difference in behavior between kinesin-1 and kinesin-2 
originates in the neck-linker composition of the two motors.  To directly test this 
hypothesis, we used a truncated neck-linker chimera, which has been previously shown to 
mimic kinesin-1’s processivity on paclitaxel microtubules (Shastry and Hancock 2010) and 
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sought to determine if these changes in the neck-linker length also dictated sensitivity to 
the presence of Tau on the microtubule surface.  The chimera, kinesin-2PA_ΔDAL, contained 
a proline to alanine switch (PA) to remove the kink and a deletion of the C-terminal end of 
the neck-linker (ΔDAL), mimicking the same number of amino acids as kinesin-1’s neck-
linker (Fig. 2-1 B).  On bare paclitaxel microtubules, the characteristic run length of the 
kinesin-2 neck-linker chimera, kinesin-2PA_ΔDAL, increased by 75% compared to our 
kinesin-2 construct (1.78 ± 0.59 µm vs. 1.03 ± 0.24 µm (Fig. 2-5 D, Table 2-1)) (p-value 
= 5 x 10-8), which indicates an increase in processivity, consistent with previous results 
(Shastry and Hancock 2010).  Interestingly, kinesin-2PA_ΔDAL also demonstrated isoform-
specific sensitivity to the presence of Tau similar to that observed for kinesin-1.  In the 
presence of 3RS-Tau, kinesin-2PA_ΔDAL’s characteristic run length fell by 44% (0.99 ± 0.27 
µm, p-value = 1 x 10-7), which was statistically significant compared with kinesin-
2PA_ΔDAL’s motility on undecorated microtubules (Fig. 2-5 E, Table 2-1).  In the presence 
of 4RL-Tau, the characteristic run length fell by 17%, which was not statistically 
significant compared to undecorated microtubules (1.47 ± 0.37 µm, p-value = 0.04) (Fig. 
2-5 F, Table 2-1).  
Lengthening kinesin-1’s neck-linker abolishes its sensitivity in the presence of Tau 
Because of the deletion of three amino acids in kinesin-2’s neck-linker increased 
the chimera’s sensitivity to Tau, we tested the corollary by lengthening kinesin-1’s neck-
linker by three amino acids to see if its sensitivity to Tau was abolished.  The chimera, 
kinesin-1KAL, contained a three amino acid (KAL) insert in the C-terminal end of its neck-
linker region (Fig. 2-1 B), and has been shown to have a similar characteristic run length 
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compared to wild-type kinesin-2 (Shastry and Hancock 2010).  On bare microtubules, 
kinesin-1KAL’s characteristic run length was 0.86 ± 0.25 µm (Fig. 2-5 A, Table 2-1) or 44% 
lower than kinesin-1, 1.53 ± 0.27 µm (Fig. 2-2 A), as expected from previous results  
(Shastry and Hancock 2010).  However, the kinesin-1KAL chimera lost the sensitivity to 
Tau displayed by wild-type kinesin-1, as the characteristic run length in the presence of 
either 3RS-Tau (0.70 ± 0.21 µm, p-value = 0.06) (Fig. 2-5 B, Table 2-1) or 4RL-Tau (0.69 
± 0.20 µm, p-value = 0.05) (Fig. 2-5 C, Table 2-1) did not change appreciably from that 






















Figure 2-5: Characteristic run length comparison between kinesin-1+KAL and kinesin-
2pa_ΔDAL on paclitaxel microtubules.  (A-C) Cumulative frequency plots of kinesin-1+KAL 
in the absence or presence of 3RS- or 4RL-Tau.  (D-E) Cumulative frequency plots of 
kinesin-2pa_ΔDAL in the absence or presence of 3RS- or 4RL Tau. (Black dots represent the 
raw run length data and the gray curve is the observed cumulative frequency.  The expected 
characteristic run length, derived from the microtubule length distribution, is shown within 
each graph.  The error represents the 99% confidence interval and a p-value of less than 
0.01 was considered significant.  *Represents a statistically significant difference from the 






This study demonstrates kinesin-1 and kinesin-2 are sensitive to the microtubule 
nucleotide state as both constructs have reduced processivity on GMPCPP microtubules 
compared to paclitaxel microtubules (Figs. 2-2 and 2-3, Tables 2-1 and 2-2).  In addition, 
Tau does not impede the motility of kinesin-2 on paclitaxel microtubules in contrast to 
kinesin-1, which is impeded by Tau in an isoform specific manner (Fig. 2-2) (Vershinin, 
Carter et al. 2007, Dixit, Ross et al. 2008, McVicker, Chrin et al. 2011).  Additionally, we 
can rule out these results are not dependent on the Tau isoform binding differently from 
each other or from different nucleotide states on the microtubule lattice (McVicker, Chrin 
et al. 2011).  This is corroborated by the pausing data, where kinesin-2 is 15% more likely 
than kinesin-1 to step after a pausing event in the presence of 3RS-Tau on paclitaxel 
microtubules (Fig. 2-4, Table 2-3).  Furthermore, we have shown the family-specific 
differences in kinesin’s neck-linker length play a critical role in kinesin’s ability to bypass 
Tau obstacles on the microtubule surface.  Kinesin-2’s neck-linker length is sufficient to 
allow for uninterrupted run lengths on paclitaxel microtubules in the presence of either 
3RS- or 4RL-Tau, whereas the shorter neck-linker of kinesin-1 confers inhibition by Tau. 
The loss of kinesin-2’s sensitivity to Tau on paclitaxel microtubules, contrary to 
that of kinesin-1, directly supports our hypothesis that the flexibility of kinesin’s neck-
linker region determines its ability to navigate obstacles, such as Tau, on the microtubule 
surface.  There are multiple molecular explanations for kinesin-2’s ability to bypass Tau 
obstacles, which may not be mutually exclusive:  1) Kinesin-2, due to its shorter 
characteristic run length, does not encounter Tau as frequently as kinesin-1.  2) Kinesin-2, 
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due to its longer neck-linker length, may step over Tau or 3) around Tau.  4) Kinesin-2, 
due to its slower velocity, may be able wait for Tau to move out of its way during its 
processive walk along the microtubule surface. 
To ensure that kinesin-2’s loss of sensitivity to Tau was not an artifact of 
encountering fewer Tau molecules during its processive walk along the microtubule 
surface due to its shorter characteristic run length relative to kinesin-1, we measured the 
average density of Tau on the microtubule surface.  We then determined the expected Tau 
encounter frequency for each motor and the expected effect on the observed run length in 
both cases (see Supporting Material).  Under our conditions, kinesin-1 and kinesin-2 will, 
on average, take 49 8-nm steps before encountering a Tau molecule along a single 
protofilament, which is a distance of 0.39 µm.  Given kinesin-2’s observed characteristic 
run length in the absence of Tau, 0.92 µm, it should encounter a Tau molecule 2.3 times 
per processive run (assuming it tracks along a single protofilament).  We believe this to be 
an underestimate, as many of the shorter lived Tau events (≤ 0.4 s) were hard to resolve in 
our kymographs.  To further validate kinesin-2’s loss of sensitivity to Tau on the 
microtubule surface, we simulated the degree of 3RS-Tau inhibition on kinesin-1 as a 1:1 
steric blocker and applied this to kinesin-2’s motility assuming it, too, was sensitive to 
3RS-Tau ( see Supporting Material).  From the simulation, we calculated kinesin-2’s 
expected characteristic run length, Xexpected, in the presence of 3RS-Tau and compared it to 
the observed characteristic run length in the presence of Tau to evaluate if there is a 
significant deviation between these two groups.  The simulation of Xexpected for kinesin-2, 
unlike kinesin-1, using the simulated theoretical curve, derived from a dataset of identical 
size, indicates significant deviation (p-value = 5 X 10-3) from the predicted, Xexpected, 
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behavior of 3RS-Tau (Figs. 2-S3, A and B).  This suggests kinesin-2 has the ability to 
bypass obstacles, such as 3RS-Tau, and is not merely a feature of it encountering less 3RS-
Tau due to its lower processivity. 
We next considered how kinesin-2’s neck-linker contributes to its ability to step 
over or around Tau.  There is EM evidence for Tau binding both across (Santarella, 
Skiniotis et al. 2004) or along (Al-Bassam, Ozer et al. 2002, Santarella, Skiniotis et al. 
2004) protofilaments, but ultimately it is not clear how Tau lies along the microtubule 
lattice.  Kinesin-2’s neck-linker is 3 amino acids longer than kinesin-1’s, 17 vs. 14 amino 
acids respectively (Figs. 2-1 B and 2-7 A).  The additional length of kinesin-2’s neck-linker 
may allow stepping over Tau if lying across multiple protofilaments.  Tau binding has been 
shown to be centered on α-tubulin (Santarella, Skiniotis et al. 2004), which may limit 
interference with kinesin’s binding site on β-tubulin and allow for the ability of kinesin to 
step over tau given a flexible enough neck-linker region.  If Tau lies along a protofilament 
and blocks kinesin’s forward binding site, then side-stepping to an adjacent protofilament 
is more likely than stepping over Tau.  Non-mammalian kinesin-2 family members have 
been previously shown to be capable of switching protofilaments in the absence of MAPs, 
such as Tau (Brunnbauer, Dombi et al. 2012).  However, Brunnbauer et al. also observed 
that mammalian kinesin-2, Mmkif3A/B, predominantly tracks along a single protofilament 
like kinesin-1 (Brunnbauer, Dombi et al. 2012).  Mmkif3A/B is similar to the construct 
used in the current study (Fig. 2-1 A): our construct contains two kif3A motor domains 
(kif3A/A) and neck-linkers fused to a Drosophila kinesin-1 coiled-coil (see Materials and 
Methods), which is functionally equivalent to the kif3A/B heterodimer as demonstrated by 
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Muthukrishnan et al. (Muthukrishnan, Zhang et al. 2009).  Our results suggest that, given 
the opportunity, even mammalian kinesin-2 can side-step to an adjacent protofilament to 
navigate around an obstacle, like Tau, on the microtubule surface.  Additionally, Bormuth 
et al. demonstrated that kinesin-8, which also has a 17 amino acid neck-linker like kinesin-
2, is capable of side-stepping to an adjacent protofilament (Bormuth, Nitzsche et al. 2012).  
To further explore this possibility, we modeled the probability of our kinesin-1 and kinesin-
2 constructs to side-step to an adjacent protofilament as a function of neck-linker contour 
length (see Supporting Material).  The probability for kinesin-1’s front head to bind to the 
next available binding site along the protofilament is 99.6%, which is expected as kinesin-
1 is known to track along a single protofilament (Fig. 2-6 B and see Supporting Material) 
(Ray, Meyhofer et al. 1993), while the probability to side-step is 0.41%, counterclockwise.  
For wild-type kif3A/B, the probability of the front head stepping forward along the 
protofilament is 98.9% and side-stepping is 1.1%, counterclockwise (see Supporting 
Material), while kif3A/A, our construct, the probability of forward stepping along the 
protofilament is 97.7% and side-stepping is 2.1%, counterclockwise (Fig. 2-6 B).  The 
modeling suggests a possible difference in the ability of the wild-type to not side-step as 
frequently as our construct, however, kif3A/B is still twice as likely to side-step compared 
to kinesin-1.  Thus for an undecorated 13 protofilament microtubule, our kinesin-2 
construct is likely to take a side-step a little over 2% of the time.  This small but significant 
probability provides kinesin-2 the opportunity to side-step to an adjacent protofilament if 




Figure 2-6: Probability of kinesin side-stepping as a function of neck-linker contour 
length.  (A) Force-Extension Curves of kinesin-1 and kinesin-2 (kif3A/A) neck-linker 
regions determined assuming a worm-like chain model (Bustamante, Marko et al. 1994, 
Sahoo, Roccatano et al. 2006, Kutys, Fricks et al. 2010).  Kinesin-2’s longer neck-linker 
allows for a longer reach at the same force and, thus, an increased probability of stepping 
to an off-protofilament binding site.  (B) Probability of kinesin stepping to nearby binding 
sites.  Black dots represent binding sites for a 13 protofilament microtubule.  Kinesin-1 
only steps along a single protafilament while kinesin-2 is predicted to side-step left to the 
adjacement protofilament 2.1% of the time.  (Animation in panel B is not drawn to scale 




We also considered how kinesin-2, with its slower velocity, may be able to wait for 
Tau to move out of the way before continuing its processive march along the microtubule.  
The velocity of kinesin-2 is about half that of kinesin-1 (Table 2-1), which potentially 
translates into the rear head spending twice as much time bound to the microtubule.  Thus 
allowing the front head more time for a diffusive search to find an available off-
protofilament binding site when there is an obstacle in front of it or, alternatively, kinesin-
2 may be able to pause long enough before taking its next step to allow a Tau obstacle on 
the microtubule surface to dissociate or diffuse away, as suggested by Xu et al. (Xu, King 
et al. 2013), rather than stepping around or over it.  Although we cannot completely rule 
this possibility out, the average time between steps for kinesin-2 (0.008 µm / step / 0.31 
µm / seconds = 0.026 seconds / step) is significantly shorter than the mean dwell-time for 
3RS-Tau on the microtubule surface (21.6 seconds) (McVicker, Hoeprich et al. 2014).  
Another consideration in this analysis is Tau’s multivalent interaction with the microtubule 
lattice.  Tau contains either three or four microtubule binding repeats (Fig. 2-1 C) 
depending on the Tau isoform.  Individually, the binding repeats interact weakly with the 
microtubule lattice, but combined, have a much stronger affinity to the microtubule (Butner 
and Kirschner 1991).  These binding repeats transiently interact with the lattice on the scale 
of milliseconds, which may rapidly sample the lattice in different orientations (Butner and 
Kirschner 1991).  It is plausible that during these transient interactions the binding repeats, 
and thus Tau, can move out of kinesin-2’s path.  Currently, this is untestable since we lack 
a more detailed understanding of Tau’s interaction the microtubule lattice.  One last 
consideration is the possibility that kinesin-2 undergoes extended pausing at obstacles, 
such as Tau, compared to kinesin-1.  But the average pause duration for kinesin-2 is slightly 
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shorter than in the absence of Tau or for kinesin-1 in the presence of 3RS-Tau (Table 2-3).  
Interestingly, kinesin-1’s dwell time goes up in the presence of 3RS-Tau, which suggests 
there might be an interaction between kinesin-1 and 3RS-Tau or that it simply waits longer 
before detaching because its forward binding site is blocked.  Conversely, kinesin-2’s dwell 
time decreases in the presence of 3RS-Tau, indicating that 3RS-Tau may assist kinesin-2 
in bypassing Tau or restricts kinesin-2’s access to the next forward binding site thereby 
directing it to side-step to an adjacent protofilament. 
CONCLUSION 
The ability of kinesin-2 to efficiently navigate obstacles, such as Tau, on the 
microtubule surface is likely to be important to its role as a molecular motor in a number 
of different intracellular transport processes. The results from this work are most directly 
relevant to fast axonal transport (FAT) in neurons, in which microtubules are known to be 
heavily decorated with Tau (Binder, Frankfurter et al. 1985). The extent to which Tau 
inhibits kinesin motility in the axon is dependent on a number of factors including the 
isoform of Tau involved (Vershinin, Carter et al. 2007, Dixit, Ross et al. 2008, McVicker, 
Chrin et al. 2011), the structural state of the microtubule lattice (McVicker, Chrin et al. 
2011), and as shown here, the kinesin family member involved.  Evidence from in 
vivo studies is mixed as to whether Tau is inhibitory to axonal transport (Stoothoff, Jones 
et al. 2009) or not (LaPointe, Morfini et al. 2009, Morfini, Burns et al. 2009).  Both kinesin-
1 and kinesin-2 are involved in axonal transport, and kinesin-2 through its extended neck-
linker region may be optimized to transport cargos around obstacles, such as Tau, in the 
crowded axonal landscape at the expense of its processivity relative to kinesin-1.  Indeed, 
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the ability to navigate obstacles on the microtubule surface may be of more value than 
single molecule processivity in a crowded intracellular environment in which most cargos 
are bound to multiple anterograde motors anyway. Furthermore, while many axonal cargos 
are specifically transported by a particular motor protein, it is interesting to note that many 
cargo complexes are bound to multiple molecular motors including kinein-1, kinesin-2, 
and cytoplasmic dynein (Hendricks, Perlson et al. 2010, Maday, Wallace et al. 2012, 
Twelvetrees, Hendricks et al. 2012).  While the benefit of having both a plus-end directed 
(e.g., kinesin-1) and a minus-directed (e.g., cytoplasmic dynein) motor on the same cargo 
for bidirectional transport is obvious, the reason for having two plus-end directed motors 
on the same cargo is less clear.  Kinesin-1 is known to preferentially target cargos to 
specific microtubule tracks within the axon (Nakata and Hirokawa 2003, Konishi and 
Setou 2009), but once in the axon, kinesin-2 bound to the same cargo could help kinesin-1 
navigate the microtubule surface more efficiently in the presence of many potential 
obstacles, such as Tau.  The ability of kinesin-2 to coordinate with another more processive 
plus-end directed motor is not limited to the neuronal axon, as RNPs (ribonucleotide 
particles) in Xenopus oocytes are known to be complexed with both kinesin-1 and kinesin-
2 (Messitt, Gagnon et al. 2008), and IFT particles in the cilia of C. elegans sensory cells 
are known to contain both kinesin-2 and OSM-3, a faster, more processive member of the 
kinesin-2 family.  The role of kinesin-2 in intracellular transport and its coordination with 
other kinesin family members on the same cargo requires further understanding, but the 
results presented in this work shed important new light on novel functions of the kinesin 
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Determining the Rate of Kinesin Photobleaching 
To determine the bleaching time of the dual eGFP tagged kinesin constructs, we 
strongly bound kinesin-2 to paclitaxel microtubules with AMP-PNP, a non-hydrolyzable 
analog of ATP that mimics the strongly bound ATP nucleotide state.  Samples were 
prepared exactly as if performing a single molecule motility assay except 1mM ATP was 
replaced with 1mM AMP-PNP. 
Data was analyzed by generating kymographs of microtubules with the 
MultipleKymograph plug-in for ImageJ software, version 1.46r (National Institutes of 
Health, Bethesda, MD) and the duration of emitted light from the eGFP tag on the kinesin 
constructs was measured.  A cumulative frequency plot was generated and fit with 𝐶(𝑥) =
1 − 𝑒
𝑥
𝑥0, where 𝑥0 represents the average bleaching time (Fig. 2-S1). 
 
 
Figure 2-S1: Cumulative frequency plot (black curve) of kinesin-2 eGFP 
photobleaching events (blue dots), where the average photobleaching time was 7.8 ± 1.5s.  
Kinesin-2 was diluted to single molecule concentrations and then incubated with 1mM 
AMP-PNP and pipetted into the flow cell in a manner identical to that used in the motility 
assays.  The theoretical distance the kinesin constructs could move before photobleaching 
was an average of 4.5 times farther than their observed characteristic run lengths as 
calculated below: 
(













Figure 2-S2: Histograms for kinesin-1 and kinesin-2 pausing data in the absence and 
presence of 3RS-Tau.  (A) Histograms of total pause data, (B) pause-step data, and (C) 
pause-terminate data.  The x-axis represents time, where the bin width is 2 seconds for 
every kinesin/Tau condition. 
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Discussion of 3RS-Tau and Density of 3RS-Tau on the Microtubule Surface 
Tau has previously been shown to be either static or diffusing on the microtubule 
surface (Hinrichs, Jalal et al. 2012) (McVicker, Hoeprich et al. 2014).  3RS-Tau has more 
stationary events (78%) than diffusive compared to 4RL-Tau (55%) and resides longer on 
the lattice, 21.6 s versus 6.2 s, respectively (McVicker, Hoeprich et al. 2014).  The shift 
between these two states may be regulated by phosphorylation as modification at the N-
terminus of Tau increases the diffusive events seen in vitro (unpublished data).  Post-
translational modifications such as these may help regulate Tau’s static-to-diffusive 
behavior and its ability to inhibit kinesin-1 motility in vivo, an interesting future direction 
to explore. 
3RS-Tau was selected over 4RL-Tau for the analyses below as it has a higher ratio 
of static to diffusive events, has a longer dwell time on the microtubule surface as seen in 
vitro, and acts as a better inhibitor of kinesin motility (McVicker, Hoeprich et al. 2014). 
To calculate the number of Tau per unit length of microtubules, we prepared 3RS-Tau 
decorated microtubules, as if performing a single molecule motility assay, but without 
kinesin present (see Materials and Methods).  Stabilized microtubules were incubated with 
3RS-Tau at a ratio of 1:5 Tau to tubulin, where the ratio of Alexa 546-labeled 3RS-Tau to 
unlabeled 3RS-Tau was 1:600 to facilitate the imaging of individual Tau molecules at a 
final concentration of 300 nM total 3RS-Tau.  Microtubules (1 µM) were imaged by TIRF 
microscopy as described above for the single molecule motility assay except that the 
acquisition rate was 10 frames / second for 100 seconds. 
Data were analyzed by generating kymographs with MultipleKymograph plug-in 
for ImageJ software, version 1.46r (National Institutes of Health, Bethesda, MD).  The 
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number of labeled Tau molecules along the microtubules were counted at 4 different time 
points along the kymograph (t0, t25, t50 and t75 seconds) during a 100 second movie, where 
38 microtubules were analyzed totaling 112 labeled Tau events.  The total Tau (labeled 
Tau plus unlabeled Tau) was calculated per kinesin step for a 13 protofilament microtubule:  
 
(# of labeled Tau)(600 fold excess unlabeled Tau)









The four time points were averaged and a final value of 2.03 x 10-2 Tau / kinesin 
step / protofilament (or 49.33 steps / Tau / protofilament) along a single protofilament.  
Additionally, it was calculated, per unit length of microtubule, one Tau molecule per 30 
nm.  (Note: Tau binds non-uniformly along the microtubule surface (Movies 2-S2 and 2-
S4), but, for simplicity to find an estimated average value for Tau decoration, our analysis 
assumes an even distribution along the microtubule surface.) 
Calculating Kinesin-1 and Kinesin-2’s Stepping Probability 
The Worm-Like Chain Model was used to model the neck-linkers non-linear force-
extension relationship (Bustamante, Marko et al. 1994, Sahoo, Roccatano et al. 2006, 



















where KB is Boltzmann’s Constant, T is absolute temperature, p is the persistence length 
and L is the contour length.  We used three different persistence lengths for calculating the 
stepping probability: 1nm, 1.2nm and 1.4nm as this was determined to be an acceptable 
range (Table 2-S1) (Sahoo, Roccatano et al. 2006).  The contour lengths of the kinesin 
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neck-linkers were calculated by multiplying the number of amino acids by 0.365 nm / 
residue (Dietz and Rief 2006) and then by 2 as there are two neck-linkers per kinesin.  Each 
cis-proline present shortens the neck-linker by 0.548 nm (Shastry and Hancock 2010). 
Neck-linker contour lengths, L: 
kinesin-1:  (14 amino acids ∗ 0.365
nm
amino acid
) 2 = 10.22 nm 






∗ 1proline) 2 = 11.31 nm 






∗ 1.5proline) 2 = 10.77 nm 
 
The elastic energy stored within the two neck-linkers is: Ei = ∫ F(x)dx
x
0
.  The 
probability, qi, for kinesin reaching a possible binding site (out of a possible five sites) on 
the microtubule lattice as well as the kinesin binding site distances were obtained from 
(Chretien and Wade 1991, Brunnbauer, Dombi et al. 2012).  The values were calculated 













 (Brunnbauer, Dombi et al. 2012). The start of the 
diffusional search of the kinesin front head was 4 nm in the plus-end direction and 0.5 nm 
to the left (Yajima and Cross 2005).  All calculations were completed in MATLAB version 











Table 2-S1: Probability of kinesins side-stepping as a function of neck-linker Contour 
length with different persistence lengths. Percent probabilities of kinesin-1 and kinesin-
2’s front head binding to available microtubule binding sites using three different 
persistence lengths (p) for the neck-linkers (Sahoo, Roccatano et al. 2006).  Kinesin-2, for 
each persistence length, has a higher probability of stepping off its protofilament 
counterclockwise compared to kinesin-1 during its diffusional search (shown in red 




Stochastic Modeling of Tau Inhibition 
3RS-Tau-decorated microtubule tracks were simulated in Mathematica (Version 9, 
Wolfram Research) by generating large, two-dimensional sparse arrays (i.e., arrays 
containing mostly 0-valued cells) with an x-axis representing 8-nm steps along a 
microtubule protofilament and a y-axis corresponding to the length of time between each 
step, which effectively represents a kymograph.  The y-axis of each array was scaled 
according to the mean velocity of the motor of interest, thus enabling all motility to occur 
along diagonal elements of the array.  The array was stochastically populated with 3RS-
Tau (1-valued cells), characterized by an exponentially distributed dwell time (mean value 
= 21.6 s (McVicker, Hoeprich et al. 2014)) and an on-rate calculated as follows: we 
assumed that the presence of Tau as a 1:1 steric blocker effectively shortens the 
microtubule track length distribution, characterized by a parameter we denote as Leff.  
Based on our previous work relating the observed microtubule track length distribution 
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(Lo)  and the observed characteristic run length (Xobserved) (Thompson, Hoeprich et al. 
2013), the distance that kinesin would be expected to move (Xexpected) along the microtubule 
surface in the presence of Tau is given by: 




A landing rate of 4x10-6 nm-1s-1 was found to produce a Leff value consistent with the 
observed effect of 3RS-Tau on kinesin-1 motility (Fig. 2-S3). 
 A.                                                                  B. 
 
Figure 2-S3: Model calibration using the observed 3RS-Tau inhibition of kinesin-1 
and demonstrating kinesin-2 is able to navigate Tau obstacles.  (A) The kinesin-1 
characteristic run length in the absence of 3RS-Tau (Xexpected) and the observed behavior in 
the presence of 3RS-Tau and track distribution effects (Xobserved) (black dot) was used to 
calibrate the appropriate 3RS-Tau on-rate to yield agreement between the simulation of 1:1 
3RS-Tau inhibition for kinesin-1 (black curve) over the range of potential Xexpected values.  
(B) Experimental data for kinesin-2 (red dot) show significant deviation from the simulated 
behavior if 3RS-Tau acted as a 1:1 inhibitor (red curve).  Utilizing the simulation curve 
and the experimental Xexpected value for kinesin-2, a predicted value for Xobserved obeying the 
simulation results (black dot) was generated with an equal number of points (N=325, Table 
2-1) to account for sampling uncertainty.  This predicted value, Xobserved, was found to be 
statistically significant from the experimental value (p-value = 5 X 10-3) via permutation 
resampling (Thompson, Hoeprich et al. 2013), indicating that kinesin-2 both encounters 
3RS-Tau in these experimental conditions and is able to bypass it.  Error bars represent the 




Simulated motility experiments were performed by stochastically selecting a 
starting point on the array, followed by selection of both  a motility event, a microtubule 
track length and a track landing point from the experientially derived run length and track 
length distributions as described previously (Thompson, Hoeprich et al. 2013).  After 
adjusting the motility event length for any track termination effects, the motility event 
length was used to sample a diagonal strip of the matrix. If the sampled strip was empty 
(full of zeros), the run length was un-changed. If the strip contained a 1-value (due to the 
presence of a 3RS-Tau), the run length was adjusted to the number of steps preceding the 
3RS-Tau site. Periodic boundary conditions were implemented to prevent motility events 
from being terminated by the edges of the array (Fig. 2-S4).   
 
 
Figure 2-S4: Representative simulation of a 3RS-Tau decorated protofilament.  Two-
dimensional sparse arrays were populated with Tau (vertical black lines) according to the 
measured 3RS-Tau dwell time and an on-rate that was calibrated with kinesin-1 motility 
results.  The dimensions of the array are scaled such that the size of each bin represents an 
8nm step and the amount of time between steps for the appropriate kinesin family member 
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for the x- and y-axes, respectively.  Simulated motility is represented by the red arrows, 
which occur along diagonal elements due to the dimensional scaling. Motility events that 





Movie 2-S1: Representative eGFP-kinesin-1 data stepping along rhodamine-labeled 
paclitaxel microtubules in the absence of Tau.  Recorded at 5 frames per second (95 nm / 
pixel).  Playback speed is 10 X the frame rate. 
 
Movie 2-S2: Representative eGFP-kinesin-1 data stepping along a single rhodamine-
labeled 3RS-Tau decorated paclitaxel microtubule at a 1:5 Tau:tubulin dimer ratio.  
Recorded at 5 frames per second (95 nm / pixel).  Playback speed is 10 X the frame rate. 
 
Movie 2-S3: Representative eGFP-kinesin-2 data stepping along rhodamine-labeled 
paclitaxel microtubules in the absence of Tau.  Recorded at 5 frames per second (95 nm / 
pixel).  Playback speed is 10 X the frame rate. 
 
Movie 2-S4: Representative eGFP-kinesin-2 data stepping along a single rhodamine-
labeled 3RS-Tau decorated paclitaxel microtubule at a 1:5 Tau:tubulin dimer ratio.  
Recorded at 5 frames per second (95 nm / pixel).  Playback speed is 10 X the frame rate. 
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CHAPTER 3: KINESIN-2 SWITCHES PROTOFILAMENTS 
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Understanding the differences between kinesin motors is critical toward 
understanding intracellular cargo transport.  Kinesin motors are responsible for ferrying 
cargo along complex microtubule landscapes that are rich in microtubule-associated 
proteins (MAPs).  Many cargo contain more than one directionally similar motor (e.g., 
kinesin-1 and kinesin-2 coupled endosomes), and it is not well understood how 
directionally similar teams of motors work together.  We have previously shown, in vitro, 
that the kinesin-2 motility is insensitive to a neuronal MAP called Tau, unlike kinesin-1 
which is strongly inhibited.  The longer neck-linker of kinesin-2 was demonstrated to be 
essential to successfully navigate Tau obstacles when compared to the kinesin-1 shorter 
neck-linker.  However, the mechanism by which kinesin-2 efficiently navigates Tau is 
unknown.  Based on our previous work, we hypothesized that mammalian kinesin-2 side-
steps to adjacent protofilaments to maneuver around MAPs.  To test this, we used single-
molecule imaging to track protofilament switch behavior of Qdot labeled kinesin-1 and 
kinesin-2 motors in the absence and presence of Tau and rigor kinesin obstacles.  
Interestingly, we not only observed kinesin-2 switches protofilaments, but the kinesin-2 
protofilament switch frequency was independent on the concentration of microtubule 
obstacles.  The higher protofilament switch frequency of kinesin-2, compared to kinesin-
1, was sufficient to navigate a microtubule surface decorated with obstacles, which was 
supported by our modeling.  Defining the kinesin-2 mechanism of navigation on the 
crowded microtubule surface provides a previously unappreciated and unique contribution 
to understanding how teams of directionally similar motors facilitate long range 




Intracellular cargo transport is imperative for the development and maintenance of 
cells, especially in neurons where cargo is trafficked along lengthy processes (e.g., axons).  
Teams of molecular motors aid in spatially and temporally regulating cargo along complex 
microtubule landscapes, which contain a variety of microtubule-associated proteins, like 
Tau.  Cargo regulation research has focused intensely on two oppositely moving 
microtubule motors, i.e., dynein and kinesin (Muller, Klumpp et al. 2008, Soppina, Rai et 
al. 2009, Hendricks, Perlson et al. 2010, Wilson and Holzbaur 2012).  However, some 
cargo have teams of molecular motors that include both kinesin-1 and kinesin-2 
(Hendricks, Perlson et al. 2010, Maday, Wallace et al. 2012) and the significance of having 
this combination on cargo is not well understood.  It is equally important to understand 
how directionally similar teams of motors (i.e., kinesin-1 and kinesin-2) work together to 
elucidate intracellular cargo transport. 
Previously, in vitro single-molecule experiments have shown Tau attenuates 
kinesin-1 motility in a concentration dependent manner (Vershinin, Carter et al. 2007, 
Dixit, Ross et al. 2008, McVicker, Chrin et al. 2011).  However, ex vivo studies measuring 
bulk vesicle axonal transport do not corroborate this observation (Morfini, Pigino et al. 
2007).  This suggests an unknown emergent property of native vesicles to successfully 
navigate Tau obstacles, such as utilizing directionally similar teams of kinesin motors.  
Recently, we demonstrated the kinesin-2 run length was insensitive to Tau, which was due 
to the longer neck-linker of the motor (Hoeprich, Thompson et al. 2014).  When the 
kinesin-2 neck-linker length was shortened by three amino acids it became sensitive to Tau, 
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behaving like kinesin-1 (Hoeprich, Thompson et al. 2014).  Also, for kinesin trajectories 
that contained a pause, kinesin-2 was twice more likely to step after a pause than kinesin-
1 in the presence of Tau (Hoeprich, Thompson et al. 2014), which supports the ability of 
kinesin-2 to navigate Tau obstacles. 
We hypothesize kinesin-2, due to its longer neck-linker, side-steps to adjacent 
protofilaments to navigate Tau obstacles for two reasons: 1) our modeling indicates 
kinesin-2 has a fivefold higher probability of finding an off protofilament axis binding site 
compared to kinesin-1 (Hoeprich, Thompson et al. 2014) and 2) Brunnbauer et al. 
demonstrated three different non-mammalian kinesin-2 isoforms coupled to synthetic 
beads spiraled around suspended microtubules (Brunnbauer, Dombi et al. 2012).  Also, 
even though the mammalian kinesin-2 isoform tested in Brunnbauer et al. did not spiral as 
well as the other isoforms (Brunnbauer, Dombi et al. 2012), we predict it has the propensity 
to switch protofilaments when challenged by microtubule obstacles.  Since the kinesin-2 
navigation of a Tau obstacle depends on its conformation during the encounter, which is 
unknown, we used two kinds of microtubule obstacles, Tau and monomeric rigor kinesin 
(henceforth referred to as rigor kinesin), to test our hypothesis. 
The structural conformation of Tau obstacles on the microtubule surface is limited.  
Cyro-EM evidence suggests Tau lies longitudinally and/or laterally on the microtubule 
surface (Al-Bassam, Ozer et al. 2002, Santarella, Skiniotis et al. 2004).  In addition, Tau is 
not a stationary obstacle as it transitions between static and diffusive states on the 
microtubule surface (Hinrichs, Jalal et al. 2012, McVicker, Hoeprich et al. 2014) and will 
form multi-Tau complexes or patches (McVicker, Hoeprich et al. 2014).  Depending on 
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the conformation of Tau and transient behavior, kinesin-2 could: 1) side-step around, 2) 
step over or 3) (given the slower kinesin-2 velocity) wait out Tau to transition from a static 
to a diffusive state.  To distinguish between kinesin-2 stepping around, which is our 
hypothesis, versus stepping over/waiting out, we observed motility in the presence of rigor 
kinesin obstacles.  These long lived static obstacles will prevent kinesin motors from 
stepping over, and it will not diffuse away like Tau (Hinrichs, Jalal et al. 2012, McVicker, 
Hoeprich et al. 2014).  Single-molecule imaging of Qdot labeled kinesin-1 and kinesin-2 
was analyzed with a single-molecule tracking program to observe protofilament switches. 
Interestingly, the kinesin-2 average protofilament switch frequency was fivefold 
greater than the kinesin-1 protofilament switch frequency in the absence of obstacles, 
consistent with our modeling data (Hoeprich, Thompson et al. 2014).  In the presence of 
Tau or rigor kinesin obstacles, the kinesin-2 protofilament switch frequency was also 
greater than the kinesin-1 protofilament switch frequency under the same conditions.  
However, both kinesins exhibit a protofilament switch frequency that is independent of 
obstacle concentration.  Our results corroborate, along with computational simulations, a 
model where a spry kinesin-2, with an increased side-stepping frequency, sufficiently 
navigates nearby obstacles more efficiently than kinesin-1.  By comparing and contrasting 
kinesin-1 and kinesin-2 motility in the presence of two microtubule obstacles, we begin to 
understand how teams of directionally similar motors may work together to navigate cargo 





MATERIALS AND METHODS 
Protein expression and purification 
All Kinesin constructs contained Drosophila kinesin-1 neck and stalk domains 
(residues 346-559) fused with either a C-terminal eGFP/hexahistidine tag (expressed and 
purified as previously published in (Shastry and Hancock 2010) or a C-terminal 
Biotinylated Avi tag.  Kinesin-1 constructs contained the N-terminal motor domain and 
neck-linker from Drosophila KIF5 (residues 1-345), while kinesin-2 constructs contained 
the motor domain and neck-linker from mouse KIF3A (residues 1-359).  The rigor kinesin 
obstacle was modified from monomeric Rattus norvegicus KIF5C motor domain (residues 
1-354), which was a generous gift from Dr. Kathy Trybus.  A T93N point mutation and a 
FLAG-Tag positioned at the C-terminal end were introduced by QuikChange II XL site-
directed mutagenesis (Stratagene, La Jolla, CA).  Rigor kinesin was expressed in BL21-
CodonPlus(DE3)-RP E. coli cells (Stratagene, La Jolla, CA) using the isopropyl 1-thio-β-
D-galactopyranoside-inducible pET vector system (Novagen, Madison, WI) and purified 
with the FLAG® monoclonal antibody (Sigma-Aldrich, St Louis, MO).  The 3RS Tau 
isoform, which was a generous gift from Dr. Stephen King, was expressed and purified as 
previously described (Hoeprich, Thompson et al. 2014).  Tau and rigor kinesin 
concentrations were determined using the Bicinchoninic Acid Protein (BCA) Assay 
(Pierce, Rockford, IL) using desalted, lyophilized, 3RS-Tau or BSA, respectively, for 
standards.  Samples were dialyzed against BRB80 (80 mM PIPES, pH 6.9 at room 
temperature, 1 mM EGTA, and 1 mM MgCl2).  Tubulin was isolated from bovine brain 
(obtained from Vermont Livestock & Slaughter, Ferrisburgh, VT),  using high molarity 
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PIPES buffer (1M PIPES, pH 6.9 at room temperature, 10 mM MgCl2, and 20 mM EGTA) 
as previously described (Castoldi and Popov 2003).  Tubulin concentration was determined 
using a spectrophotometer (extinction coefficient at A280 nm = 115,000 M
-1 * cm-1). 
Fluorescent-labeling of Tau and monomeric rigor kinesin 
3RS Tau protein was incubated with a 10 fold molar excess of dithiothreitol (DTT) 
for two hours at room temperature and DTT was removed using a 2 mL 7K MWCO Zeba™ 
Spin Desalting Column (Pierce, Rockford, IL).  Tau was then incubated in a 10 fold molar 
excess of Alexa Fluor 532-C5 maleimide (Life Technologies, Grand Island, NY) for an 
additional 2 hours at room temperature, and excess fluorophore was removed using a 
second desalting column.  Labeling efficiency of Tau was determined by comparing the 
concentration of fluorophore to protein.  Tau concentration was determined with the BCA 
assay and the dye concentration was determined using an extinction coefficient of 81,000 
M-1*cm-1 at 531 nm (Alexa Fluor 532) in a Beckman DU® 640 spectrophotometer 
(Beckman Coulter, Brea, CA).  The 3RS-isoform was labeled at C233 and the labeling 
efficiency was determined to be 85%.  Rigor kinesin protein was labeled similarly except 
it was incubated with DTT for two hours on ice followed with Alexa Fluor 532-C5 
maleimide at 4°C overnight.  Rigor kinesin was labeled at any of four possible solvent-
exposed cysteines (C7, C66, C169 and C296) (Rice, Lin et al. 1999) and the labeling 
efficiency was determined to be 95%. 
Microtubule preparation and labeling 
Tubulin was thawed on ice and centrifuged at 350,000 x g for 20 minutes at 4°C 
before polymerization.  Tubulin was then supplemented with 1 mM GTP (Sigma-Aldrich, 
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St Louis, MO).  For labeled microtubules, unlabeled GTP tubulin was mixed with 
rhodamine-labeled tubulin (Cytoskeleton, Inc., Denver, CO) at 100:1, respectively.  
Tubulin was polymerized for 20 minutes at 37°C and stabilized with a final concentration 
of 20 µM paclitaxel (Sigma-Aldrich, St Louis, MO).  For experiments completed in the 
presence of Tau, tubulin polymerization was performed as described above, without 
rhodamine-labeled tubulin.  Microtubules were incubated with Alexa 532 labeled 3RS-Tau 
at a ratio of either 1:5 Tau to tubulin or 1:3 Tau to tubulin at 37°C for an additional 20 
minutes.  The samples were centrifuged at room temperature for 20 minutes at 16,000 x g 
and the pellet was resuspended at room temperature in Motility Assay Buffer (MAB) (10 
mM PIPES, pH 7.4 at room temperature, 50 mM potassium acetate, 4mM magnesium 
acetate, 1 mM EGTA, supplemented with 10 mM DTT, an oxygen scavenger system (5.8 
mg/mL glucose, 0.045 mg/mL catalase and 0.067 mg/mL glucose oxidase) (Sigma-
Aldrich, St Louis, MO)).  All microtubules were diluted in MAB.  20 µM paclitaxel was 
supplemented into all solutions containing paclitaxel microtubules. 
In vitro single-molecule TIRF assay 
Flow chambers were prepared by adhering ARTUS shims (Englewood, NJ) with 
Norland Optical Adhesive (Cranbury, NJ) to siliconized glass cover slips.  Samples were 
prepared by incubating the flow chamber with monoclonal anti-β III (neuronal) antibodies 
(Sigma-Aldrich, St Louis, MO) at 33 µg/mL in MAB for 5 minutes or NEM myosin (used 
during protofilament switching experiments), which was a generous gift from Dr. Kathy 
Trybus.  The chambers were washed and blocked with 0.5 mg/mL of bovine serum albumin 
(BSA) in MAB for an additional 2 minutes before the addition of 1 µM of the desired 
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microtubule preparation.  After an 8 minute incubation, the chambers were washed with 
MAB followed by 50 pM of the desired kinesin construct (with 1 mM or 0.1 mM ATP), 
which was added just prior to image acquisition for all experimental conditions examined.  
It should be noted that due to differences in buffer conditions our observed kinesin run 
lengths in MAB were different than previously measured values in BRB80  with the same 
constructs (Shastry and Hancock 2010). 
For experiments completed in the presence of rigor kinesin, tubulin polymerization 
was performed as described above, without rhodamine-labeled tubulin. After the 
microtubule incubation and wash in the flow cell (as described above), a 5 minute 
incubation with Alexa 532 labeled monomeric rigor kinesin-1 (at either 1:12.5 rigor kinesin 
to tubulin or 1:7.5 rigor kinesin to tubulin dimers) was then added followed by another 
MAB wash.  Finally, 50 pM of the desired kinesin construct in MAB, supplemented with 
desired concentration of ATP, was added just prior to image acquisition.  For Qdot labeled 
kinesin motors, C-terminal biotinylated kinesin constructs were incubated with a fivefold 
higher concentration of streptavidin coated 655 Qdots for 30 minutes on ice in MAB and 
supplemented with desired concentration of ATP. 
Total internal reflection fluorescence microscopy (TIRFM) was performed at room 
temperature using a Nikon Eclipse Ti-U inverted microscope equipped with a 100X plan 
apochromatic objective lens (1.49 NA), an auxiliary 1.5X magnification and a custom 
“Micro Optic Fiber Launch TIRFM” (patent pending) as described in (Previs, Beck Previs 
et al. 2012).  Images were obtained using an XR/Turbo-Z intensified 10-bit camera running 
Piper Control software v2.3.39 (Stanford Photonics, Palo Alto, CA).  Kinesin-eGFP and 
Qdot 655 labeled kinesin constructs were excited with a 473 nm argon laser and imaged 
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through emission 525/50 and 655/70 band-pass filters, respectively.  Alexa 532-labeled 
3RS-Tau, Alexa 532 labeled rigor kinesin and rhodamine-labeled tubulin were excited with 
a 532 nm argon laser and imaged through an emission 605/70 band-pass filter.  The pixel 
resolution was 93.0 nm, kinesin-eGFP movies were acquired at 5 Hz and Qdot 655 labeled 
kinesin movies were acquired at 20 Hz.  Representative movies of the single-molecule 
TIRF assay are found in the Supporting Material (Movies S1-S5).  All experimental 
conditions tested were performed at least three times.  
Data analysis 
Run length motility data was collected with eGFP kinesin constructs and measured 
using the MTrackJ plug-in for ImageJ software, version 1.46r (National Institutes of 
Health, Bethesda, MD) and track lengths were measured using the segmented line tool in 
ImageJ.  Average velocity values reported are the mean and standard deviation.  
Characteristic run length measurements and significance testing were calculated as 
previously described (Thompson, Hoeprich et al. 2013).  Protofilament switching data 
(frequency and lateral displacement) was collected with Qdot labeled kinesin constructs 
and tracked with a modified single particle tracking program, FIESTA (Ruhnow, Zwicker 
et al. 2011), in MATLAB (MATLAB 2012b, MathWorks, Natick, MA)  and uses two 
published algorithms (Guizar-Sicairos, Thurman et al. 2008, Chen, Deffenbaugh et al. 
2014).  The X-Y resolution for protofilament switch data was calculated by tracking 20 
stationary 655 Qdots over 1,000 frames acquired at 20 Hz. The standard deviations from 
the X-Y position tracking for the 20 Qdots were averaged to calculate an X-Y resolution 
of 14.7 nm.  Movie simulations with point spread functions were used to test the minimum 
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distance required to detect a single protofilament switch with experimentally derived Qdot 
intensity and background noise (see Supporting Material). 
Stochastic modeling of protofilament switching 
Kinesin-1 and kinesin-2 motility experiments stepping along microtubules 
decorated with static obstacles were simulated in MATLAB (MATLAB 2015b, 
MathWorks, Natick, MA).  Microtubules were generated by a large, two-dimensional 
sparse array (i.e., array containing mostly 0-valued cells, where 1-valued cells represented 
permanent/static obstacles and generated stochastically) with an x-axis representing 8-nm 
steps along a microtubule protofilament and a y-axis corresponding to a seven 
protofilament wide microtubule, which effectively represents the available kinesin binding 
sites in a flow cell chamber.  Kinesin run lengths were stochastically generated based off 
the following distribution: C(x) = 1 – e(-x / xo), where xo was the characteristic run length 
(kinesin-1 is 1.53 µm and kinesin-2 is 1.03 µm), C(x) or cumulative frequency was 
stochastically generated for each trajectory (values ranged from 0 to 1) and x was the 
calculated run length.  Microtubule lengths were the same length as the simulated run 
length trajectory to eliminate premature termination.  The density of static obstacles were 
calibrated from the simulated characteristic run lengths reflecting the experimentally 
determined characteristic run lengths in the presence of rigor kinesin obstacles.  The 
kinesin motor trajectories were terminated under one of three cases: 1) after their calculated 
trajectory, 2) at the intersection of the trajectory and a static obstacle or 3) when the 
trajectory moved off the edge of the microtubule (protofilaments 1 or 7).  Protofilament 
switching frequency was applied to each trajectory and was based off of the experimentally 
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derived conditions for kinesin-1 and kinesin-2 in the absence or presence of rigor kinesin 
obstacles.  For each simulated condition, sample size of n = 200, the characteristic run 
length and significance testing were calculated as previously described (Thompson, 
Hoeprich et al. 2013). 
RESULTS 
The kinesin-2 run length is not affected by low concentrations of rigor kinesin 
Previously, we demonstrated at above physiological concentrations of Tau (1 Tau 
to 5 tubulin dimers, 2.5 fold higher than physiological levels (Morfini, Pigino et al. 2007)) 
the kinesin-2 characteristic run length was unimpeded, unlike kinesin-1 (Fig. 3-1 A) 
(Hoeprich, Thompson et al. 2014).  To test our hypothesis that kinesin-2, with its longer 
neck-linker, switches protofilaments to navigate Tau obstacles, we used a long lived static 
microtubule obstacle, rigor kinesin (Fig. 3-S1).  If rigor kinesin obstacles block kinesin 
motility on a protofilament (Telley, Bieling et al. 2009) then unimpeded kinesin motors 
would switch protofilaments to navigate around the obstacles.  We observed, by TIRF 
microscopy, single- molecule motility of both kinesin-1 and kinesin-2 eGFP labeled motors 
in the presence of rigor kinesin.  We calibrated the rigor kinesin obstacle incubation 
concentration to achieve the same level of the kinesin-1 run length inhibition as observed 
with Tau obstacles (Fig. 3-1, Table 3-S1), which was 1 rigor kinesin to 12.5 tubulin dimers.  
The kinesin-1 characteristic run length in the presence of rigor kinesin (1 rigor kinesin to 
12.5 tubulin dimers) decreased by 68%, which was not statistically different from the 65% 
decrease in the kinesin-1 characteristic run length in the presence of Tau (1 Tau to 5 tubulin 
dimers) (Fig. 3-1, Table 3-S1).  The kinesin-2 characteristic run length did not change in 
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the presence of rigor kinesin (1 rigor kinesin to 12.5 tubulin dimers) (Fig. 3-1 B, Table 3-
S1), which supports our hypothesis that kinesin-2 switches protofilaments to navigate Tau. 
We raised the microtubule obstacle incubation concentration higher for both Tau 
(1 Tau to 3 tubulin dimers, which is over 4 fold higher than the physiological level) and 
rigor kinesin (1 rigor kinesin to 7.5 tubulin dimers) to further test our hypothesis.  We 
FIGURE 3-1: Characteristic run length comparisons between kinesin-1 and kinesin-
2 in the absence and presence of microtubule obstacles. Two concentrations of (A) 
Tau or (B) rigor kinesin (RK) obstacles were used. Tau and rigor kinesin obstacle ratios 
are relative to tubulin dimer concentration. Characteristic run length values were 
calculated, where the error bars represent the 99% confidence interval and a p-value of 
less than 0.01 was considered significant (Thompson, Hoeprich et al. 2013). (See 
Supporting Material for further details.) 
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expected a higher concentration of Tau or rigor kinesin would reduce the kinesin-1 
characteristic run length further while the kinesin-2 characteristic run length would remain 
unchanged.  Interestingly, we found in the presence of Tau (1 Tau to 3 tubulin dimers) the 
kinesin-1 characteristic run length was not statistically different than at the lower Tau 
concentration (0.90 ± 0.17 µm vs 0.99 ± 0.24 µm, respectively) (Fig. 3-1 A, Table 3-S1).  
However, the kinesin-2 characteristic run length, at the higher Tau concentration (1 tau to 
3 tubulin dimers) was sensitive to Tau obstacles compared to the lower Tau concentration 
(0.73 ± 0.18 µm vs 1.16 ± 0.27 µm, respectively) (Fig. 3-1 A, Table 3-S1).  These results 
demonstrate that Tau does not interact with kinesin motors as 1:1 steric blockers at high 
concentrations.  Likely, Tau is forming complexes or patches at higher concentrations 
(McVicker, Hoeprich et al. 2014), which may not increase the total number of obstacles, 
but the size of the obstacle the kinesin motors encounter. Hence, the kinesin-1 motility is 
expected to be inhibited at comparable levels, whereas the kinesin-2 motility is expected 
to decrease as it cannot navigate around such a large Tau patch.  In the presence of rigor 
kinesin (1 rigor kinesin to 7.5 tubulin dimers), the kinesin-1 characteristic run length 
decreased further compared to the lower rigor kinesin concentration as expected (0.78 ± 
0.15 µm vs 1.04 ± 0.19 µm, respectively) (Fig. 3-1 B, Table 3-S1).  The kinesin-2 
characteristic run length unexpectedly decreased at the higher rigor kinesin concentration 
(1 rigor kinesin to 7.5 tubulin dimers) compared to the lower rigor kinesin concentration 
(0.69 ± 0.17 µm vs 1.01 ± 0.27 µm, respectively) (Fig 3-1 B, Table 3-S1).  These results 
demonstrate that rigor kinesin acts like a 1:1 steric blocker as the motility of kinesin-1 is 
dependent on obstacle concentration, unlike kinesin-1 in the presence of Tau.  They also 
91 
 
demonstrate the kinesin-2 motility becomes sensitive at higher obstacle densities (1 rigor 
kinesin to 7.5 tubulin dimers). 
Kinesin-2 switches protofilaments more frequently than kinesin-1 
Since the kinesin-2 characteristic run length became sensitive to supraphysiological 
levels of Tau (above 4 fold), we wanted to directly test our hypothesis and determine if 
kinesin-2 was switching protofilaments.  By positioning a Qdot on the C-terminal truncated 
kinesin constructs we observed kinesin stepping along microtubules decorated with Tau or 
rigor kinesin obstacles (Fig. 3-2 A).  Given the small lateral displacement of the kinesin 
motor domain when switching protofilaments (~6 nm), the Qdot positioned at the C-
terminus will amplify the displacement (~25 nm) to detect switching (Figs. 3-2 B & 3-S2).  
A single particle tracking algorithm was used to track kinesin trajectories (Fig. 3-2 C & E) 
and detect protofilament switches (Fig. 3-2 D & F) (see Supporting Materials for further 
details). 
In the absence of microtubule obstacles, kinesin-1 occasionally switched 
protofilaments (median value 0.00 protofilament switches/µm) compared to kinesin-2 
(median value 2.33 protofilament switches/µm) (Fig. 3-3, Table 3-1), consistent with our 
modeling data (Hoeprich, Thompson et al. 2014).  As expected, in the presence of Tau, at 
either 1 Tau to 5 tubulin dimers or 1 Tau to 3 tubulin dimers, the kinesin-1 protofilament 
switch frequency was unchanged (0.00 protofilament switches/µm and 0.85 protofilament 
switches/µm, respectively) (Fig. 3-3 A, Table 3-1).  Unexpectedly, the kinesin-2 
protofilament switch frequency, in the presence of either Tau concentration, was also 
unchanged (median value 2.30 protofilament switches/µm at 1 Tau to 5 tubulin dimers and 
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2.34 protofilament switches/µm at 1 Tau to 3 tubulin dimers), which was hypothesized to 
increase in the presence of Tau (Fig. 3-3 A, Table 3-1). 
FIGURE 3-2: Experimental design and example kinesin trajectories for 
protofilament switching. (A) Schematic of Qdot labeled kinesin motor (red) stepping 
along a Tau (orange) decorated microtubule (green).  Left and right displacements are 
represented by negative and positive numbers, respectively. (B) Cross-section of panel A 
illustrating the larger lateral displacement of the C-terminally positioned Qdot over the 
smaller lateral displacement of the kinesin motor domain to detect protofilament switches 
more accurately. (C) Example kinesin-1 trajectory longitudinal position vs lateral position 
and (D) kinesin-1 lateral position vs time (1.1 protofilament switches per micron). (E) 
Example kinesin-2 trajectory longitudinal position vs lateral position and (F) kinesin-2 
lateral position vs time (2.5 protofilament switches per micron). In panels D and F 




In the presence of rigor kinesin obstacles, at either 1 rigor kinesin to 12.5 tubulin 
FIGURE 3-3: Kinesin-1 and kinesin-2 protofilament (PF) switching frequencies in 
the absence and presence of microtubule obstacles. Two concentrations of (A) Tau or 
(B) rigor kinesin (RK) obstacles are used. Tau and rigor kinesin obstacle ratios are relative 
to tubulin dimer concentration. Kinesin-1 values are in blue and kinesin-2 values are in 
red. Box plots represent the interquartile range with median value inside and the whiskers 
represent min and max. A nonparametric ANOVA followed by a Dunn’s Multiple 
Comparisons Test was used to determine significance (p-value < 0.05). 
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dimers or 1 rigor kinesin to 7.5 tubulin dimers, the kinesin-1 protofilament switch 
frequency was unchanged (0.44 protofilament switches/µm and 0.00 protofilament 
switches/µm, respectively) just as in the presence of Tau obstacles (Fig. 3-3 B, Table 3-1).  
Similarly, the kinesin-2 protofilament switch frequency did not change in the presence of 
rigor kinesin obstacles (2.07 protofilament switches/µm at 1 rigor kinesin to 12.5 tubulin 
dimers and 2.33 protofilament switches/µm at 1 rigor kinesin to 7.5 tubulin dimers) (Fig. 
3-3 B, Table 3-1).  Overall, Tau and rigor kinesin obstacles do not induce kinesin-1 and 
kinesin-2 protofilament switching. 
Additionally, independent of Tau or rigor kinesin obstacles used, there was no 
left/right switching bias for kinesin-1 or kinesin-2 and the left/right median lateral 
displacement during protofilament switches was not statistically different under any of the 
conditions tested (Fig. 3-S5, Table 3-1).  The apparent intrinsic protofilament switch 
frequency of kinesin-2 is sufficient to navigate Tau obstacles at 2.5 fold the physiological 
concentration but not 4.1 fold the concentration.  For kinesin-1, its protofilament switch 
frequency is too low to navigate Tau obstacles.  This observation suggests a mechanism 
that relies on the probability of randomly switching protofilaments, for a motor with a short 
characteristic run length, before encountering sparsely decorated microtubule obstacles as 
opposed to intentionally switching protofilaments when encountering a microtubule 
obstacle. 
Simulating kinesin-2 randomly switching protofilaments successfully navigates 
microtubule obstacles 
 
The protofilament switching data suggest kinesin-2 randomly switches 
protofilaments at an intrinsic frequency, which is sufficient to navigate Tau and rigor 
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kinesin decorated microtubules (either 1 Tau to 5 tubulin dimers or 1 rigor kinesin to 12.5 
tubulin dimers).  To test this navigational mechanism, we simulated kinesin-1 and kinesin-
2 stepping along microtubules decorated with static obstacles (see Materials and Methods).  
Briefly, a randomly generated run length was produced from experimentally determined 
characteristic run length distributions for kinesin-1 and kinesin-2.  These motors walked 
along a seven protofilament wide microtubule that was as long as the run length (Fig. 3-4 
A).  Each motor randomly switched protofilaments at its respective experimentally 
determined frequency.  A run length was terminated prematurely if the motor stepped off 
the side of the microtubule or ran into a static obstacle.  Randomly generated static 
obstacles were positioned along the microtubule field and the density was calibrated based 
off of simulated kinesin-1 characteristic run lengths reproducing comparable 
experimentally observed kinesin-1 characteristic run lengths in the presence of rigor 
kinesin (Fig. 3-4 B). 
When incubating 1 rigor kinesin to 12.5 tubulin dimers (equivalent to 1 Tau to 5 
tubulin dimers for characteristic run length inhibition) the calculated density was 1.75 static 
obstacles/µm (on a seven protofilament wide microtubule).  The density rose to 5.25 static 
obstacles/µm at 1 rigor kinesin to 7.5 tubulin dimers.  (The decrease in calculated obstacle 
density from the incubation ratios is due to a fraction of obstacles binding to the 
microtubule.)  Using these same two obstacle densities, the simulated kinesin-2 
characteristic run lengths reproduced the experimentally observed characteristic run length 
(Fig. 3-4 B, Table 3-S1).  Interestingly, when simulating kinesin-2 trajectories, at 1.75 static 
obstacles/µm with a kinesin-1 protofilament switch frequency, the kinesin-2 characteristic 
run length (0.84 ± 0.18 µm) was reduced (0.76 ± 0.15 µm) and no longer efficiently 
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navigated static obstacles (Table 3-S1).  This result also demonstrates that the 
concentration of microtubule obstacles used is a high enough density for a kinesin-2 motor 
to navigate around and the lack of effect overserved is not due to sparse microtubule 
FIGURE 3-4: Computer simulation of kinesin-1 and kinesin-2 switching 
protofilaments. (A) Example kinesin-2 trajectory (red line) walking 1.6 µm (200 steps) 
on a seven protofilament wide microtubule (blue) navigating a field of static obstacles 
(yellow). (B) Experimentally observed and simulated characteristic run lengths in the 
presence of rigor kinesin (RK). Characteristic run length values were calculated from 
(Thompson, Hoeprich et al. 2013), the error bars represent the 99% confidence interval 
and a p-value of less than 0.01 was considered significant (Thompson, Hoeprich et al. 
2013). (See Supporting Material for further details.) 
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labeling.  When simulating kinesin-1 trajectories, at 1.75 static obstacles/µm with a 
kinesin-2 protofilament switch frequency, the kinesin-1 characteristic run length (0.97 ± 
0.20 µm) was not rescued (1.00 ± 0.23 µm) (Table 3-S1).  This indicates that given a long 
enough trajectory, such as the kinesin-1 characteristic run length, a motor will eventually 
hit an obstacle.  So the kinesin-2 protofilament switch frequency is necessary for kinesin-





TABLE 3-1: Summary of kinesin protofilament (PF) switching in the absence and 
presence of microtubule obstacles 
 
The median PF switch frequency for each condition was calculated from a distribution 
made up from the PF switch frequency of each trajectory. The median left/right 
protofilament switch displacement was calculated from a distribution made up from the 
total left/right displacements for an experimental condition.  A nonparametric ANOVA 
was applied to all distributions and a Dunn’s Multiple Comparisons Test was used to 
determine significance among groups (p-value < 0.05). * represents statistical difference 































- 30 0.00 18 18 30 32 
Tau 1:5 33 0.00 16 20 21 23 
Tau 1:3 31 0.85 24 20 26 26 
RK 1:12.5 36 0.44 24 21 34 30 
RK 1:7.5 44 0.00 21 22 28 33 
Kinesin-2 
- 31 2.33* 57 55 34 38 
Tau 1:5 30 2.30* 46 44 35 31 
Tau 1:3 30 2.34* 53 52 40 38 
RK 1:12.5 30 2.07* 74 72 38 39 





This study addresses the mechanism of kinesin-2 for efficiently navigating Tau 
obstacles on the microtubule surface.  We hypothesized kinesin-2, due to its longer neck-
linker, side-steps to adjacent protofilaments to navigate Tau obstacles.  It was first 
demonstrated kinesin-2 successfully navigates rigor kinesin obstacles suggesting kinesin-
2 switches protofilaments to navigate around them.  We have directly observed both 
kinesin-1 and kinesin-2 switch protofilaments, where kinesin-2 switches at a higher 
frequency in the absence and presence of either Tau or rigor kinesin obstacles.  
Intriguingly, the protofilament switch frequency for kinesin-1 and kinesin-2 is independent 
of obstacle concentration.  This suggests that kinesin-2 does not directly switch 
protofilaments when encountering an obstacle like we originally hypothesized.  Rather the 
intrinsic protofilament switch frequency of kinesin-2 sufficiently navigates nearby 
obstacles more efficiently than kinesin-1, which is supported by our computational 
simulations. 
The higher kinesin-2 protofilament switch frequency likely results from a longer 
more flexible neck-linker, compared to kinesin-1.  The longer kinesin-2 neck-linker is 
predicted to increases the probability of reaching an off protofilament binding site by 5 
fold (Hoeprich, Thompson et al. 2014), consistent with our results (Fig. 3-3).  We 
previously demonstrated the importance of a longer neck-linker length to successfully 
navigating Tau obstacles (Hoeprich, Thompson et al. 2014).  Elsewhere, it has been 
demonstrated that kinesin-8, which has the same neck-linker length as kinesin-2 (17 amino 
acids), switches protofilaments more readily (Bormuth, Nitzsche et al. 2012) than kinesin-
1 (14 amino acid neck-linker) (Nitzsche, Ruhnow et al. 2008).  Brunnbauer et al. also 
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demonstrated that lengthening the kinesin-1 neck-linker length induces protofilament 
switching (Brunnbauer, Dombi et al. 2012).  These studies are consistent with our 
proposition that the longer and more flexible kinesin-2 neck-linker is responsible for the 
higher protofilament switch frequency.  Additionally, Brunnbauer et al. also determined 
the composition of the region C-terminal to the neck-linker, the neck, was influential to the 
efficiency of wild-type kinesin-2 protofilament switching (Brunnbauer, Dombi et al. 2012).  
It should be noted that our kinesin-2 construct differs from wild-type kinesin-2.  Wild-type 
kinesin-2 contains two heterodimeric kinesin heavy chains (kif3A/B or kif3A/C), where 
our construct contains a homodimeric kif3A/A motor domain and neck-linker coupled to a 
Drosophila kinesin-1 coiled-coil (this construct has previously been demonstrated to have 
comparable run length, velocity and load dependent properties as wild-type 
(Muthukrishnan, Zhang et al. 2009, Shastry and Hancock 2010, Andreasson, Shastry et al. 
2015)).  Our kinesin-2 construct has a more rigid neck region, which likely does not 
experience the full flexibility that the wild-type kinesin-2 experiences.  As such, wild-type 
kinesin-2 may have an even higher protofilament switch frequency and enable the motor 
to side-step when encountering an obstacle. 
Given our kinesin-2 construct may be less flexible than wild-type, our construct 
may still switch protofilaments at a higher frequency than our single particle tracking 
program detects.  The limit of detection for kinesin-2 is 4.7 protofilament switches/µm 
(Figs. 3-S3 & 3-S4).  Even though there is a clear difference in the relative switch 
frequencies between kinesin-1 and kinesin-2, a ceiling could skew our results downward if 
kinesin-2 is stepping more frequently.  To address this concern, we measured the standard 
deviation of the left/right variation of the motor in the absence and presence of Tau (1 Tau 
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to 3 tubulin dimers) on individual protofilaments (i.e., standard deviation between 
protofilament switches) as undetected left/right switches would lead to more variation (see 
Supporting Materials).  The kinesin-1 standard deviation in the absence (12.2 ± 6.0 nm) 
and presence of Tau (11.7 ± 5.6 nm) was unchanged, however, the standard deviation for 
kinesin-2 in the presence of Tau (13.9 ± 5.4 nm) was higher than in the absence (12.7 ± 5.2 
nm) (Fig. 3-S6), suggesting additional undetected switching.  In the absence of Tau, there 
was also no difference in the standard deviation between kinesin-1 and kinesin-2, which is 
consistent with kinesin-2 switching protofilaments more frequently in the presence of 
obstacles. 
Of much interest was the observation that kinesin-1 switches protofilaments.  This 
was unexpected, as kinesin-1 was originally thought to only step along a single 
protofilament as demonstrated through microtubule gliding filament assays (Ray, 
Meyhofer et al. 1993, Nitzsche, Ruhnow et al. 2008, Brunnbauer, Dombi et al. 2012).  
However, it was recently demonstrated by Schneider et al., through single-molecule 
imaging, that kinesin-1 does occasionally switch protofilaments without left/right bias 
(Schneider, Korten et al. 2015).  Though, overall kinesin-1 was inefficient at navigating 
microtubule obstacles as demonstrated through the characteristic run length dependence on 
obstacle concentration (Schneider, Korten et al. 2015).  Our results support Schneider et 
al. as we also observed kinesin-1 occasionally switching protofilaments without left/right 
bias and observed the kinesin-1 characteristic run length decrease in the presence of 
microtubule obstacles.  From our previous published model, we did expect a leftward 
protofilament switch bias for kinesin-2 (Hoeprich, Thompson et al. 2014), however, our 
results indicate no such bias.  Our model assumed the motor domain searching for a binding 
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site started with a slight left bias based from microtubule gliding filament results (Yajima 
and Cross 2005).  This leftward shift observed may only exist as a load dependent property 
in the gliding filament assay, which has been demonstrated for other motors like dynein. 
Gliding filament assays have shown dynein switch biases (Can, Dewitt et al. 2014, Mitra, 
Ruhnow et al. 2015) contrary to single-molecule assays (Reck-Peterson, Yildiz et al. 2006, 
Ori-McKenney, Xu et al. 2010)  and would explain why there is no kinesin-2 switch bias 
in our single-molecule motility assay.  Additionally, the lack of left/right bias observed 
with our kinesin-2 construct is consistent with the lack of left/right bias Brunnbauer et al. 
observed with their mammalian kinesin-2 construct.  They likely did not detect the 
protofilament switches we saw due to their limited spatial resolution. 
Though we have demonstrated kinesin-2 is more efficient than kinesin-1 at 
navigating Tau and rigor kinesin obstacles through protofilament switching, there may be 
additional navigational mechanisms at play.  As mentioned above, depending on the 
conformation of Tau and transient behavior, kinesin-2 could navigate Tau through other 
mechanisms like stepping over or (given the slower kinesin-2 velocity) wait out Tau to 
transition from a static to a diffusive state (where rigor kinesin was used to distinguish 
between kinesin-2 stepping around versus stepping over/waiting out).  Our findings do not 
rule out a combination of navigational mechanisms for kinesin that may include 
protofilament switching and stepping over/waiting out or another mechanism.  For 
example, kinesin motors may step over single Tau molecules as suggested by our 
simulations.  We found to reduce kinesin-1 motility by 30% (in the case of 1 Tau to 5 
tubulin dimers) (Fig. 3-1 A), our simulations only required 1.75 static obstacles/µm or 1 
static obstacle to 500 tubulin dimers (on a seven protofilament wide microtubule).  The 
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100 fold difference between the experimental incubation ratio versus simulation density 
means: 1) a fraction of the obstacles spend a finite lifetime on the microtubule surface 
and/or are removed from wash steps in the in vitro assay and 2) not every Tau molecule is 
inhibiting kinesin.  For the latter case, multi-Tau complexes (patches) and a fraction of the 
static Tau population attenuates kinesin-1 motility, but not kinesin-2.  The rest of the time 
kinesin navigates Tau through another mechanism, such as stepping over Tau.  A second 
example involves a protein-protein interaction between kinesin-1 and Tau.  We observed 
the kinesin-1 velocity was dependent on Tau at the higher concentration (1 Tau to 3 tubulin 
dimers) unlike kinesin-2 (Fig. 3-S7).  By comparison, the velocity of kinesin-1 with a 
different Tau isoform was independent of concentration (Fig. 3-S7).  This result indicates 
kinesin-1, and possibly kinesin-2, interacts with Tau isoforms differently, which ultimately 
affects their motile behavior.  One last navigation mechanism may reside in the gating 
mechanisms of kinesin-1 and kinesin-2.  Recently, kinesin-2 was demonstrated to be rear-
head gated (front-head attachment accelerates rear-head detachment) (Chen, Arginteanu et 
al. 2015), compared to kinesin-1, which was shown to be front-head gated (reward tension 
on the front-head inhibits ATP binding) (Mickolajczyk, Deffenbaugh et al. 2015).  In this 
model, the rear-head of kinesin-2 spends a larger fraction of its hydrolysis time in a weak 
binding ADP state, but it has a 20-fold higher affinity to the microtubule surface compared 
to the kinesin-1 rear-head affinity.  Kinesin-2 was also demonstrated, in the presence of 
ADP, to have a prolonged microtubule dissociation rate of 2.1 s-1 (Chen, Arginteanu et al. 
2015).  These conditions, in addition to the longer neck-linker of kinesin-2, gives more 
time and a larger search area for the unbound kinesin-2 head to find a binding site not 
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occupied by Tau before detaching compared to kinesin-1.  So both motors may have several 
navigational mechanisms in play to transport cargo through a microtubule obstacle field. 
From a cargo perspective (e.g., endosomes), the benefit associated with two 
directionally similar kinesin motors is utilizing their different functions to achieve its 
proper temporal and spatial positioning.  Hendricks et al. estimated that purified late 
endosomes/ lysosomes have, on average, 1.7 kinesin-2 motors per vesicle, which was 3.9 
fold more than kinesin-1 (Hendricks, Perlson et al. 2010).  With so few kinesin-1 motors 
per vesicle, kinesin-1 would likely be interrupted in the presence of Tau as demonstrated 
by Xu et al. and Vershinin et al., which showed the motility of synthetic beads, coupled to 
at least three kinesin-1 motors, was interrupted at a concentration less than 1 Tau to 10 
tubulin dimers (Vershinin, Carter et al. 2007, Xu, King et al. 2013).  Thus, this ratio of 
kinesin motors suggests kinesin-2 plays an important role in trafficking these particular 
cargo.  For example, both motors may work together to navigate obstacles.  The kinesin-1 
processivity is less affected by hindering loads ((Svoboda, Schmidt et al. 1993, Schnitzer, 
Visscher et al. 2000, Yildiz, Tomishige et al. 2004)) compared to kinesin-2, which 
demonstrates diminished processivity under hindering and assistive loads (Andreasson, 
Shastry et al. 2015).  So, kinesin-1 may tow the vesicle until it is disrupted, where multiple 
kinesin-2 may aid in navigating the obstacles until kinesin-1 can reattach.  A second 
example involves using kinesin-2 motors in regions that have a high density of obstacles.  
Prevo et al. demonstrated, in C. elegans cilia, the importance of kinesin-2 in transporting 
IFT trains through the obstacle-ridden ciliary base and transition zone, which in the absence 
of kinesin-2 severely limited the number of intraflagellar transport (IFT) trains found in the 
cilia (Prevo, Mangeol et al. 2015).  Once the IFT trains successfully navigated the obstacle-
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ridden transition zone, kinesin-2 handed off the cargo to other kinesin motors for the rest 
of their journey.  So kinesin-2 could be activated to navigate through obstacle dense regions 
like the axon hillock and initial segment in neurons, which is comparable to the dense 
obstacle ridden regions of the transition zone in cilia.  Afterward, kinesin-2 could be 
deactivated and kinesin-1 would take over. 
Just as kinesin motors have different navigational mechanisms, cargo use different 
motor combinations to achieve higher level navigational mechanisms.  Ultimately, there 
are different constraints and requirements for the diverse set of cargo during intracellular 
transport.  By understanding the underlying mechanisms of single motors, we can better 
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Determining the average time (monomeric) rigor kinesin was observed bound to the 
microtubule during movie acquisitions 
Labeled Alexa 532-C5 maleimide rigor kinesin protein was introduced into flow 
cell chambers, after HiLyte 488 (Cytoskeleton, Inc., Denver, CO) labeled microtubules 
were immobilized, at a ratio of 1 rigor kinesin to 25 tubulin dimers.  The rigor kinesin 
microtubule obstacles were strongly bound to the microtubule surface due to the T93N 
point mutation in the nucleotide pocket, which was demonstrated previously (Crevel, 
Nyitrai et al. 2004, Telley, Bieling et al. 2009).  Movies were acquired of both the 
microtubule field (50 frames at 5 Hz) and the rigor kinesin field (1,000 frames at 5 Hz) 
using the same 532 nm argon laser power as in the motility assay.  The time rigor kinesin 
was bound to the microtubule surface (duration of emitted light from the Alexa 532 dye) 
during a movie acquisition was measured from a kymograph (Fig. 3-S1 A) using 
MultipleKymograph plug-in for ImageJ software, version 1.46r (National Institutes of 
Health, Bethesda, MD).  (Note: These measurements represent a lower limit of the long-
lived rigor kinesin dwell times.)  A cumulative frequency plot was generated and fit with 
a normal distribution.  The average time rigor kinesin was observed bound during movie 
acquisitions was 1.76 ± 0.54 min (n = 124) (Fig. 3-S1 B), which is much longer than the 











FIGURE 3-S1: Time rigor kinesin was observed bound to microtubules during movie 
acquisitions. (A) Example kymograph of Alexa 532 rigor kinesin obstacles. Scale bars are 
3 µm. (B) Cumulative frequency plot (black curve) of rigor kinesin times observed on the 
microtubule during movie acquisitions. Red dashed line is the cumulative Gaussian fit 





Characteristic run lengths of kinesin-1 and kinesin-2 
 
Table 3-S1: Summary of experimental and simulated kinesin-1 and kinesin-2 
characteristic run lengths in the absence and presence of microtubule obstacles 
See Materials and Methods for details of simulations. Microtubule obstacles are either 
Tau or rigor kinesin (RK) and the obstacle ratios are relative to the tubulin dimer 
concentration. N is the number of events. The error represents the 99% confidence 
interval and the p-values were calculated relative to the motor condition in the absence of 
obstacles (Thompson, Hoeprich et al. 2013). P-value < 0.01 was considered significant. † 
Represents the p-value between the simulated characteristic run lengths relative to the 
experimental characteristic run length. * Represents a special condition where the 
simulation used the opposite kinesin protofilament switch frequency (e.g., kinesin-1 used 
the kinesin-2 protofilament switch frequency and vice versa), where its p-value was 
calculated relative its own motors protofilament switch frequency. 
 
Experimental design for detecting single-molecule protofilament switches 
 
In order to detect protofilament switches, the lateral displacement must be greater 
than our x-y tracking resolution, which is 14.7 nm (see Materials and Methods for details).  
By positioning the Qdot on the C-terminal end of the motor instead of the N-terminal motor 
domain, we amplified the lateral displacement during a protofilament switch (Fig. 3-S2 A).  




N Characteristic Run Length (µm) p-value 
Kinesin-1 Experimental 
- 591 1.53 ± 0.27 - 
Tau 1:5 243 0.99 ± 0.24 2 x 10-6 
Tau 1:3 498 0.90 ± 0.17 7 x 10-15 
RK 1:12.5 624 1.04 ± 0.19 3 x 10-10 
RK 1:7.5 436 0.78 ± 0.15 3 x 10-19 
Kinesin-1 Simulated 
- 200 1.46 ± 0.29 0.03† 
RK 1:12.5 200 0.97 ± 0.20 6 x 10-5 
RK 1:12.5* 200 1.00 ± 0.23 0.01 
RK 1:7.5 200 0.80 ± 0.15 4 x 10-8 
Kinesin-2 Experimental 
- 300 1.03 ± 0.24 - 
Tau 1:5 325 1.16 ± 0.27 0.03 
Tau 1:3 293 0.73 ± 0.18 7 x 10-5 
RK 1:12.5 296 1.01 ± 0.27 0.02 
RK 1:7.5 290 0.69 ± 0.17 6 x 10-6 
Kinesin-2 Simulated 
- 200 0.96 ± 0.21 0.02† 
RK 1:12.5 200 0.84 ± 0.18 0.02 
RK 1:12.5* 200 0.76 ± 0.15 6 x 10-3 
RK 1:7.5 200 0.59 ± 0.11 3 x 10-6 
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displacement of the Qdot (Fig. 3-S2 A & B).  The height of the Qdot is estimated from 
Kerssemakers et al., where they estimated the head, neck and coil-1 is 23 nm 
(Kerssemakers, Howard et al. 2006).  By adding a functionalized streptavidin 655 Qdot 
onto a biotin tag coupled to the C-terminus of the truncated kinesin constructs at amino 
acid 559 (see Materials and Methods for further detail), we further estimated that the total 
distance between the microtubule surface and the center of the Qdot is 40 nm (Fig. 3-S2 
A).  This distance represents the minimum between the center of the Qdot and the 
microtubule surface as the flexible region between the neck and coiled-coil is not taken 
into account (Kerssemakers, Howard et al. 2006).  So the Qdot’s ~25 nm lateral 
displacement represents the minimum distance when switching protofilaments.  Also, the 
persistence length of the coiled-coil (100 nm, (Howard and Spudich 1996)) is 6 fold greater 
than the length of coil-1 (15 nm), which means the rod will resist bending and buckling 
forces in the motility assay.  The rod will also ensure the Qdot stays 40 nm away from the 
microtubule surface.  Additionally, the 50 millisecond acquisition time is much larger than 
the time needed for the Qdot to sample all the space around it (time constant ~ 550 
nanoseconds).  This means the signal detected in one frame represents the average PSF 
signal. 
The camera cannot detect all the predicted lateral displacements as it will see a 
projection of the Qdot’s position.  Protofilament switches on the sides of the microtubule 
will have smaller positional changes compared to protofilament switches on the top of the 
microtubule (Fig. 3-S2 C & D).  Given our single particle tracking resolution, we predict 
only four of the seven positional changes (protofilament switches) will be detected, which 
are 17 nm, 24 nm, 25 nm, 21 nm (Fig. 3-S2 D). 
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Lastly, we determined the protofilament frequency detection limit for the single-
FIGURE 3-S2: Experimental design and predictions for protofilament switching. 
(A) Schematic of microtubule cross-section (green) illustrating the larger lateral 
displacement of the C-terminally positioned Qdot (red) over the smaller lateral 
displacement of the kinesin motor domain. (B) Illustrating x versus y position (nm) of the 
cross-section of a microtubule (green) and the trajectory (red) of a kinesin stepping 
completely around the microtubule in the x versus y position (nm).  From this perspective, 
the z-position is stepping along a microtubule, which is into the page. The forbidden 
region (grey) would not be accessible to a motor as the distance between the microtubule 
and the slide is too small for a motor to successfully walk. (C) Illustrating radians versus 
x position (nm), which is the camera’s perspective of the motor switching protofilaments 
as it sees a projection. (D) Illustrating the radians versus x displacement (nm), which 
represents the lateral distance the motor travels around the microtubule. The lateral 




molecule tracking program.  We simulated point spread functions (PSF) to move in a 
straight line at either kinesin-1 or kinesin-2 velocities in the statistical programming 
language “R” (version 3.2.2) (RCoreTeam 2016) (Movie S5).  The protofilament switch 
frequency was set to either 0, 1, 2, 4, 6, 8, 10 switches per µm, which randomly switched 
(25 nm to the left/right) along the simulated kinesin trajectory.  The intensity of 20 different 
655 Qdots under our experimental conditions were averaged and produced our PSF signal.  
Similarly, the intensity of 20 different background spots were averaged and to simulate 
noise.  The simulated PSF diameter was determined from measuring the full width at half 
maximum of 655 Qdots under our experimental conditions using Adrian's FWHM V1.1 
plug-in for ImageJ software.  We then simulated 10 movies (100 8-bit tiffs) for each 
protofilament switch frequency for both kinesin-1 and kinesin-2 (total of 140 movies), 
which were all analyzed with our single particle tracking program.  The protofilament 
switch frequencies were averaged for each condition for both kinesin-1 and kinesin-2 (Fig. 
3-S3).  The tracking program, for both kinesin motors, was not capable of accurately 
detecting high protofilament frequencies (Fig. 3-S3).  To determine the maximum 
protofilament switch frequency that our tracking program can reliably calculate, the point 
at which the tracked simulated data set deviated from the 95% confidence band of an 
extrapolated theoretical data set was our limit (Fig. 3-S3).  The average variance from the 
first two simulated data points for kinesin-1 and kinesin-2 curves were used to randomly 
generate a new data set for the extrapolated curve, where ten randomly generated data 
points were averaged around 0, 1, 2, 4, 6, 8, 10 switches per µm.  (This data set was not 
analyzed with the single particle tracking program.)  The kinesin-1 and kinesin-2 detection 
limits were 2.3 and 4.7 protofilament switches per µm, respectively (Fig. 3-S3).  The 
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detection limit for kinesin-2 was twice the value of kinesin-1, which is due to the kinesin-
2 slower velocity and, thus, more sampling per unit time.  To rule out velocity has any 
effect on the kinesin-1 lower protofilament switch frequency, we reduced the kinesin-1 
velocity by lowering the ATP concentration (from 1mM to 100 µM) and measured the 
protofilament switch frequency.  The kinesin-1 velocity went down from 771 ± 149 nm/s 
(n=30) to 558 ± 64 nm/s, (n=35), compared to kinesin-2 velocity of 463 ± 64 nm/s (n=31).  
At 100 µM ATP, the median kinesin-1 protofilament switch frequency was 0.87 
switches/µm (n=35) compared to the median protofilament switch frequency at 1 mM 
ATP, which was 0.00 switches/µm (n=30) (Fig. 3-S4).  The kinesin-1 protofilament switch 
frequencies at either ATP concentrations were not statistically significant from each other 
(Dunn’s Multiple Comparisons Test, p-value > 0.05), but were both statistically significant 
compared to the kinesin-2 protofilament switch frequency (2.33 switches/µm) (Dunn’s 
FIGURE 3-S3: Determining the detection limit of the single particle tracking 
program for kinesin-1 and kinesin-2 protofilament switch frequencies. (A) 
Kinesin-1 simulated values (blue curve) analyzed by the tracking program compared 
to extrapolated theoretical curve (black). (B) Kinesin-2 simulated values (red curve) 
analyzed by the tracking program compared to extrapolated theoretical curve (black). 
Error bars represent 95% confidence intervals. Dashed lines are the fits to the data and 
solid lines represent the 95% confidence intervals to the fit. The arrow and value 
represent the detection limit or the point at which the tracked simulated data set (red 
or blue) deviated from the 95% confidence band of the extrapolated data set (black). 
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Multiple Comparisons Test, p-value < 0.05) indicating velocity does not affect the kinesin-
1 protofilament switch frequency (Fig. 3-S4). 
Figure 3-S4: Kinesin-1 (blue) and kinesin-2 (red) protofilament (PF) switching 
frequencies at either 1 mM or 0.1 mM ATP in the absence of microtubule 
obstacles. Box plots represent the interquartile range with median value inside and the 
whiskers represent min and max. A nonparametric ANOVA followed by a Dunn’s 
Multiple Comparisons Test was used to determine significance (p-value < 0.05). 
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FIGURE 3-S5: Kinesin-1 and kinesin-2 lateral/protofilament displacements in the 
absence and presence of microtubule obstacles. Two concentrations of (A) Tau or (B) 
rigor kinesin (RK) obstacles are used. Tau and rigor kinesin obstacle ratios are relative to 
tubulin dimer concentration. L = left protofilament switches and R = right protofilament 
switches. Median lateral displacements with the interquartile range are displayed. Kinesin-
1 values are in blue and kinesin-2 values are in red.  A nonparametric ANOVA followed 
by a Dunn’s Multiple Comparisons Test was used to determine significance (p-value < 
0.05). No statistical differences between lateral displacements of different experimental 
conditions were found. (Note: lateral distances were slightly larger than the predicted (≤ 2 
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fold change).  This is likely due to additional distance not accounted for between the neck 
and coil-1 of the rod domain.  See section above.) 
 
Testing for higher protofilament switch frequencies 
 
FIGURE 3-S6: Standard deviation of left/right variance of kinesin-1 (blue) and 
kinesin-2 (red) stepping along protofilaments (variance between protofilament switches) 
in the absence and presence of Tau obstacles (Tau ratios are relative to tubulin dimer 
concentration).  All conditions tested by T-tests to determine significance (p-value < 0.05 
is considered significant).  The kinesin-2 standard deviation was statically different (p-
value = 0.034). Averaged standard deviation values: kinesin-1 = 12.2 ± 6.0 nm (n=38), 
kinesin-2 = 12.7 ± 5.2 nm (n=114), kinesin-1 Tau 1:3 = 11.7 ± 5.6 nm (n=46) and kinesin-








FIGURE 3-S7: Kinesin-1 (blue) and kinesin-2 (red) velocities in the absence and 
presence of two Tau isoforms. (A) 3RS-Tau isoform (used throughout all the 
experiments) and (B) 3RL-Tau isoform were tested.  3RL-Tau has a longer negatively 
charged N-terminal region (for differences in isoform please refer to (Deshpande, Win et 
al. 2008)). The kinesin-1 velocity dependence on 3RS-Tau suggests kinesin interacts with 
the obstacle differently compared to 3RL-Tau. The kinesin-2 velocity was independent of 
Tau isoform and concentration. A nonparametric ANOVA followed by a Dunn’s Multiple 








MOVIE 3-S1: Representative eGFP-kinesin-2 (green) stepping along rhodamine labeled 
microtubules (red).  Recorded at 5 Hz (93 nm / pixel).  Playback speed is 2 X the frame 
rate. 
 
MOVIE 3-S2: Representative eGFP-kinesin-2 (green) stepping along microtubules 
decorated with Alexa 532 labeled rigor kinesin (red) (1 rigor kinesin to 12.5 tubulin 
dimers).  Recorded at 5 Hz (93 nm / pixel).  Playback speed is 2 X the frame rate.  Note: 
The kinesin-2 motor lands and passes by a rigor kinesin obstacle without detaching. 
 
MOVIE 3-S3: Representative 655 Qdot labeled kinesin-2 (green) stepping along 
rhodamine-labeled microtubules.  Recorded at 20 Hz (93 nm / pixel).  Playback speed is 1 
X the frame rate. 
 
MOVIE 3-S4: Representative 655 Qdot labeled kinesin-2 (green) stepping along 
microtubules decorated with Alexa 532 labeled Tau (red) (1 Tau to 5 tubulin dimers).  
Recorded at 20 Hz (93 nm / pixel).  Playback speed is 1 X the frame rate.  Note: The 
kinesin-2 motor lands and passes a Tau complex (patch), which are formed along the 
microtubule length. 
 
MOVIE 3-S5: Representative simulated kinesin-2 point spread function stepping along at 
either (A) 1 or (B) 10 protofilament switches per µm, respectively.  (93 nm / pixel).  
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Chapter 4: Discussion 
Axonal transport is essential for the development and maintenance of neurons.  It 
involves the bidirectional movement of cargo by molecular motors including members 
from the kinesin family, which are responsible for the anterograde movement of cargo (e.g., 
endo-lysosomes) down the length of the axon.  Previous work identified two kinesin motors 
(i.e., kinesin-1 and kinesin-2) associated with endo-lysosomes, but it was unclear why two 
directionally similar motors were needed for stepping along microtubules (Hendricks, 
Perlson et al. 2010).  One reason might be to navigate microtubule surfaces that are rich in 
microtubule associated proteins (MAPs).  To test this hypothesis and better understand the 
roles of kinesin-1 and kinesin-2 during the axonal transport process, we compared and 
contrasted these motors in isolation from each other to understand their individual 
characteristics (i.e., speed, characteristic run length, pausing behavior and protofilament 
switch frequencies) as they walked along microtubules decorated with MAPs, like Tau.  
We demonstrated kinesin-2’s motility was not impeded in the presence of Tau, which was 
in contrast to kinesin-1 (Fig. 2-2) (Vershinin, Carter et al. 2007, Dixit, Ross et al. 2008, 
McVicker, Chrin et al. 2011).  Furthermore, we showed kinesin’s neck-linker length played 
a critical role in the motor’s ability to bypass Tau obstacles on the microtubule surface.  
Kinesin-2’s longer neck-linker length (17 amino acids) was sufficient to allow for 
uninterrupted run lengths on microtubules in the presence of Tau, whereas kinesin-1’s 
shorter neck-linker length (14 amino acids) was inhibited by Tau.  The importance of the 
neck-linker length in navigating Tau was further confirmed using neck-linker chimeras 
where the kinesin-1 and kinesin-2 neck-linker lengths were effectively swapped.  The 
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kinesin-2 chimera with the shorter neck-linker was now inhibited by Tau and the kinesin-
1 chimera with the longer neck-linker was now insensitive to Tau. 
This work was extended to understand the mechanism behind kinesin-2’s ability to 
navigate Tau obstacles on the microtubule surface.  Previous experiments identified that 
non-mammalian kinesin-2 side-steps to adjacent protofilaments with a left-hand bias and 
mammalian kinesin-2 was less prone to side-stepping (Brunnbauer, Dombi et al. 2012).  
However, Brunnbauer et al. did not test whether any kinesin-2 was capable of side-stepping 
in the presence of microtubule obstacles (Brunnbauer, Dombi et al. 2012).  Given our own 
side-stepping probability model (Fig. 2-6), we concluded kinesin-2 was capable of side-
stepping when challenged with an obstacle.  We hypothesized mammalian kinesin-2 
switches protofilaments, in a biased left-handed direction, to navigate around obstacles on 
the microtubule surface.  Two types of obstacles were used to test differences in the 
kinesin-2 characteristic run length and protofilament switch frequency: 1) a physiological 
obstacle, Tau and 2) a long lived non-physiological obstacle, (monomeric) rigor kinesin, 
which kinesin-1 and kinesin-2 cannot step over.  An uninterrupted characteristic run length 
in the presence of rigor kinesin would imply the motor switches protofilaments.  The 
kinesin-2 characteristic run length was not impeded, unlike kinesin-1, which indirectly 
demonstrated it was capable of switching protofilaments (Fig. 3-1).  Next, we directly 
observed whether both kinesins were capable of switching protofilaments.  Kinesin-2 
switched protofilaments at a higher frequency in the absence and presence of either Tau or 
rigor kinesin obstacle compared to kinesin-1 (Fig. 3-3).  Surprisingly, the protofilament 
switch frequency for both motors were independent of a biased left-handed movement and 
independent of the obstacle concentration used.  This suggested that kinesin-2 does not 
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directly switch protofilaments when encountering an obstacle as we originally 
hypothesized.  Thus, the intrinsic kinesin-2 protofilament switch frequency was sufficient 
to maneuver around obstacles more efficiently than kinesin-1, which was supported by our 
computational simulations (Fig. 3-4). 
The differences observed in this dissertation between kinesin-1 and kinesin-2 as 
they stepped along microtubules decorated with obstacles were done in isolation from each 
other to define each of their properties.  However, it is essential to understand their 
ensemble behavior to know how they work together in teams as observed on physiological 
cargo (i.e., endo-lysosomes) (Hendricks, Perlson et al. 2010).  Previously, kinesin-1 and 
kinesin-2 ensemble behavior was observed in a gliding filament assay (Arpa, Shastry et al. 
2014).  By immobilizing fractions of kinesin-1 and kinesin-2 on a glass surface, 
microtubules were free to glide around on a bed of kinesin motor domains.  The speed of 
the gliding microtubules were used as a metric to understand differences between the two 
motors.  Interestingly, with less than half the population comprised by kinesin-1 motors 
(40% kinesin-1 and 60% kinesin-2) the resulting microtubule speed was the same as if 
using 100% kinesin-1 motors.  From modeling the experimental conditions, it was 
determined that kinesin-2 detachment was more sensitive to force than kinesin-1 and thus 
contributes less to the overall gliding filament speed (Arpa, Shastry et al. 2014), which was 
consistent with in vitro single-molecule kinesin-2 force detachment experiments 
(Andreasson, Shastry et al. 2015).  This suggests that cargos, containing both kinesin-1 and 




Together, the knowledge regarding the kinesin-1 and kinesin-2 interactions in the 
gliding filament assay and the work presented in this dissertation suggest that kinesin-2 
may assist kinesin-1 on cargo containing both motor proteins.  Kinesin-1, given its higher 
sustained load carrying capacity compared to kinesin-2 (Andreasson, Shastry et al. 2015), 
is the primary motor to pull vesicles along the axon.  However, due to kinesin-1’s inability 
to navigate Tau obstacles on the microtubule surface by itself or in teams with other 
kinesin-1 motors (Vershinin, Carter et al. 2007, Dixit, Ross et al. 2008, McVicker, Chrin 
et al. 2011), kinesin-2 may take over, once kinesin-1 detaches, and maneuver around the 
microtubule obstacles more efficiently (Hoeprich, Thompson et al. 2014) through a 
protofilament switching mechanism (see Chapter 3). 
Kinesin-2 may also assist kinesin-1 in an entirely different way.  Recently kinesin-
2 was shown to be important for trafficking intraflagellar transport trains (IFT trains) 
through the ciliary base and transition zone of C. elegans (Prevo, Mangeol et al. 2015).  
The ciliary base and transition zone, which act as a filter to the cilia, contain a network of 
microtubules and cross-linking proteins that act as obstacles to the kinesin motors during 
transport of the IFT trains.  Kinesin-2 was shown to play a critical role in navigating the 
cargo through this region as a kinesin-2 mutant drastically limited the entry of IFT trains 
into the cilia (Prevo, Mangeol et al. 2015).  Once the IFT trains made it through the 
transition zone, kinesin-2 handed off the cargo to another kinesin, OSM-3 (similar to 
kinesin-1 in its speed and run length) and kinesin-2 was recycled back toward the ciliary 
base (Prevo, Mangeol et al. 2015).  The kinesin-2 motor was agile enough to navigate its 
way through the complex microtubule network.  Similar to the ciliary base and transition 
zone is the neuron’s axon hillock and initial segment.  This region also acts as a filter to 
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the axon and has a network of microtubules and cross-linking proteins.  In this system, 
kinesin-2 could similarly be utilized to navigate the initial segment by maneuvering around 
obstacles, unlike kinesin-1 (Hoeprich, Thompson et al. 2014).  However, both kinesin-1 
and kinesin-2 are localized to the axon (Hirokawa, Noda et al. 2009, Nakata, Niwa et al. 
2011).  So kinesin-2 could aid kinesin-1 as it moves through the early part of the axon, then 
once the cargo is past the initial segment, kinesin-2 could become inactive or play a limited 
role. 
One last example demonstrating how kinesin-2 could assist kinesin-1 is in 
conjunction with the retrograde motor dynein.  In collaboration with Dr. Paul Selvin’s Lab 
at the University of Illinois, we demonstrated that a synthetic kinesin-1 and dynein multi-
motor complex could navigate Tau obstacles.  When the kinesin-1 motor ran into a Tau 
obstacle, the complex switched directions and moved away from the Tau obstacle.  After 
a few hundred nanometers, the complex stopped again and moved back toward the Tau 
obstacle, only this time it was not obstructed (Fig. 4-1).  Given kinesin-1 sustains higher 
loads than dynein, kinesin-1 was able to pull dynein along the microtubule until it detached 
upon running into a Tau obstacle.  Once kinesin-1 detached, dynein took over and moved 
backwards.  Given dynein’s propensity to switch protofilaments while stepping (Reck-
Peterson, Yildiz et al. 2006), it was thought dynein switched protofilaments and when 
kinesin-1 reattached it did so on a protofilament that did not contain Tau.  So when the 
multi-motor complex ran into Tau, it backed up and found a new protofilament without 
Tau to walk along and was able to navigate around it.  If kinesin-2 were present in 
conjunction with kinesin-1 and dynein, it would provide the multi-motor complex a higher 
probability of finding a protofilament without an obstacle once kinesin-1 detaches.  This 
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would also give multi-motor complexes multiple mechanisms to navigate Tau obstacles, 
which is very important to prevent axonal transport failure. 
Inside the axon, two major differences, among many, from the reconstituted system 
are the geometry of the cytoskeleton and different types of multi-motor complexes.  In the 
axon, microtubules are arranged in a three dimensional matrix or network running parallel 
to each other confined within a ~1 µm diameter tube.  They are spaced, on average, about 
~25 nm from one another (Chen, Kanai et al. 1992), and MAPs can change this spacing 
(Chen, Kanai et al. 1992, Shahpasand, Uemura et al. 2012).  In vitro, microtubules are 
randomly oriented in a two dimensional plane with some microtubules lying over others, 
Figure 4-1. Example kinesin-1/dynein complex navigating Tau. (A) An unlabeled 
microtubule with a Tau obstacles (blue). Kinesin-1 walks toward the + end, while dynein 
walks toward the - end. (B) The position of the kinesin-1/dynein complex (green) along 
the microtubule as a function of time.  The light blue dashed circle denotes the 
bidirectional behavior of the complex to navigate the Tau obstacle. (C) A series of images 




forming intersections.  In the axon, multi-motor complexes come in all different sizes and 
shapes with different numbers and kinds of molecular motors.  In vitro, cargo is either 
absent, when studying single-molecule motors, or fixed in size, such as a synthetic bead or 
a synthetic lipid vesicle, with usually one type of motor attached.  There are obvious 
differences between the in vivo and in vitro systems so depending on the scientific question 
they can be extremely powerful or limiting.  Presently, there have been few studies to 
directly answer how kinesin coupled cargo can efficiently navigate microtubule obstacles 
in the anterograde direction, mainly because of the limitations of the in vivo and in vitro 
systems.  However, there are likely numerous navigational mechanisms utilized to ensure 
the various kinds and sizes of multi-motor complexes can overcome microtubule obstacles. 
Mitochondria are one of the largest multi-motor complexes with a diameter that can 
range from 0.5 to 1 µm and are known to couple with kinesin-1 and dynein motors 
(Schwarz 2013).  The motor-cargo stoichiometry is not known, but they contain several 
kinesin and dynein motors.  In vivo evidence shows mitochondria overcome both Tau 
obstacles and the microtubule network (Saxton and Hollenbeck 2012), even though 
kinesin-1 is disrupted by Tau in vitro (Vershinin, Xu et al. 2008).  Given a mitochondrion’s 
size, it will be in close proximity with several microtubules, so if a kinesin-1 motor 
detaches it can rebind to another microtubule and continue to produce force, all while 
several other kinesin-1 motors are attached to other microtubules producing force, too.  As 
mitochondria move along the axon, deformation of the microtubule network is likely a 
more substantial obstacle to overcome.  Due to kinesin-1’s ability to sustain high loads 
(more than kinesin-2 (Andreasson, Shastry et al. 2015)) a team of kinesin-1 motors may 
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pull mitochondria through the microtubule network (using brute force) to their final 
destination (Fig. 4-2). 
Mid-sized multi-motor complexes range from 0.05 – 0.5 µm, like the ~100 nm 
diameter endo-lysosomal vesicles (Hendricks, Perlson et al. 2010).  The motor-cargo 
stoichiometry on endo-lysosomal vesicles have 1-3 kinesin motors and 6-12 dynein motors 
(Hendricks, Perlson et al. 2010).  These cargo must also overcome both Tau obstacles and 
the microtubule network, like mitochondria.  However, the mid-sized multi-motor 
complexes do not need to deform the network as much, they have fewer microtubules in 
Figure 4-2: Three possible navigational mechanisms multi-motor complexes undergo 
during anterograde transport. (A) Large multi-motor complexes, like mitochondria, 
utilize a team of kinesin-1 motors to deform the microtubule network around it using brute 
force during translocation. If one kinesin is disrupted by microtubule obstacles, there are 
other motors engaged with the track to prevent disruption in motility. (B) Medium multi-
motor complexes, like endo-lysosomal vesicle, have fewer motors, but different kinesins, 
like kinesin-1 and kinesin-2. These two motors complement each other to both navigate 
microtubule obstacles and deform the microtubule network around the cargo. (C) Small 
multi-motor complexes, like microtubule fragments, will not be restricted by the 
microtubule network, but microtubule obstacles will disrupt the few kinesin motors bound 
to the cargo during translocation.  So a biased diffusion model, where kinesin will walk in 




close proximity and contain fewer kinesin motors than mitochondria.  These cargo do have 
both kinesin-1 and kinesin-2 motors (Hendricks, Perlson et al. 2010), which suggests the 
importance of kinesin-2 in the successful navigation of microtubule obstacles.  However, 
given so few kinesin motors are present on the cargo, kinesin-1 and kinesin-2 need to work 
together to share the responsibility of translocation (Fig. 4-2).  Kinesin-2 may complement 
kinesin-1 in three possible non-mutually exclusive ways (as described above): 1) if kinesin-
1, which is used to haul the cargo through the microtubule network, detaches from a Tau 
obstacle, then kinesin-2 takes over and maneuvers around Tau obstacles until kinesin-1 
reattaches, 2) kinesin-2 could aid kinesin-1 as it moves through the initial segment of the 
axon and afterward becomes inactive or play a limited role, and/or 3) after kinesin-1 
detachment, kinesin-2 would provide a higher probability of finding kinesin-1 a 
protofilament without an obstacle to ensure the successful navigation of cargo around 
microtubule obstacles. 
Small multi-motor complexes, less than or equal to 50 nm, includes microtubules, 
neurofilaments, actin and mRNA.  These multi-motor complexes have the fewest motors 
associated with their cargo, due to limited space for motor attachment, and are in close 
proximity to the fewest microtubules.  Microtubule obstacles are more substantial to 
overcome than the microtubule network as it does not require deformation for the cargo to 
pass through and few motors available for obstacle navigation.  If kinesin detaches from 
the microtubule surface by Tau it poses a problem for the cargo.  The probability for small-
range multi-motor complexes detaching from the microtubule is a lot higher than mid- and 
large-sized multi-motor complexes.  So small-range cargo could benefit from a biased 
diffusion model, where cargo undergoes both directed motion and diffusion (Fig. 4-2).  
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Cargo will take longer to arrive at its destination, but this is consistent with slow axonal 
transport (SAT) rates.  These scenarios, which speculate different navigational mechanisms 
of the various multi-motor complexes within the axon, help to explain the conflicting ex 
vivo and in vitro data regarding kinesin-1’s ability to navigate Tau in the anterograde 
direction. 
Future Directions 
 The goal now is to build complexity from the single-molecule motor system to a 
multi-motor complex in order to understand how kinesin-1 and kinesin-2 may complement 
each other and work together in a more physiologically relevant system.  This will help 
answer what kinesin-2’s contribution is to vesicles containing both kinesin-1 and kinesin-
2 more directly.  Our hypothesis is cargo containing both kinesin-1 and kinesin-2 are more 
efficient at navigating microtubule obstacles, walking further and moving faster than cargo 
coupled with just kinesin-1 or kinesin-2.  Two types of multi-motor complexes would test 
this hypothesis including:  1) synthetically linking combinations of kinesin-1 and kinesin-
2 to lipid coated beads and 2) isolating endo-lysosomal vesicles from neurons (Fig. 4-3) 
(Hendricks, Goldman et al. 2014). 
Using synthetic multi-motor complexes allows us to know exactly what motors are 
on the cargo and at what ratios and concentrations.  This will help discern differences 
between kinesin-1 and kinesin-2 as we can test the multi-motor complex on a spectrum of 
motor ratios and concentrations.  However, these complexes are not as physiologically 
relevant as isolated endo-lysosomes, which can be purified from neurons (Hendricks, 
Goldman et al. 2014).  These vesicles will contain the physiological complement of motors, 
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including dynein.  We would then analyze the behavior of these multi-motor complexes, 
in vitro, by measuring their processivity in the presence of microtubule obstacles, like Tau 
and rigor kinesin.  Previously, it was demonstrated synthetic vesicles coupled to three 
kinesin-1 motors were inhibited in the presence of Tau (Vershinin, Carter et al. 2007).  The 
Figure 4-3. Experimental multi-motor complex schematic. A lipid coated bead or 
isolated endo-lysosomal vesicle, attached with kinesin-1 and kinesin-2, will step along 
microtubules decorated with Tau obstacles. For the synthetic multi-motor complexes, beads 
will be coated with a lipid bilayer (consisting of DOPC/DOPS (4:1) (Mornet, Lambert et 
al. 2005)) using previously established protocols (Mornet, Lambert et al. 2005, 
Pyrpassopoulos, Shuman et al. 2013). Attachment of motors would use the biotin-
streptavidin linkage system, where a sub-group of DOPC lipids will contain functionalized 
biotinylated head groups. Fluorescently labeled streptavidin molecules will be used to 
visualize synthetic multi-motor complexes. For isolated multi-motor complexes/vesicles, 
visualization will be through labeling a membrane bound protein, Rab 7, (Hendricks, 
Perlson et al. 2010) with an anti-Rab7 antibody coupled with a fluorescent dye. (Note: The 
isolated endo-lysosomal vesicle would contain other molecular motors such as dynein. Not 
drawn to scale.) 
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expectation is that kinesin-1 and kinesin-2 coupled cargo and isolated endo-lysosomal 
vesicles would be less inhibited in the presence of Tau and rigor kinesin obstacles. 
These multi-motor complexes could also be tested in two types of three dimensional 
microtubule networks.  In collaboration with Dr. Adam Hendrick’s at McGill University, 
microtubule networks were extracted from cells and maintained their native three 
dimensional organization.  The benefit of isolating microtubule networks from cells is that 
their three dimensional geometry and orientation are maintained compared to the standard 
in vitro assay where microtubules are in a two dimensional plane and are randomly 
oriented.  Additionally, cells could be treated before the microtubule network is extracted 
to promote known tubulin post-translational modifications (e.g., acetylation).  Then, in 
vitro, we can test the speed and the characteristic run length of multi-motor complexes in 
microtubule networks in the absence and presence of post-translational modifications 
and/or microtubule-associated proteins, such as Tau, to see how the cargo complexes 
respond.  We can also test these same multi-motor complexes in the axoplasm 
(demembranated axon) of the squid giant axon, which is a more physiologically relevant 
environment.  Introducing synthetic or purified cargo complexes into the axoplasm along 
with different obstacle types, such as Tau, is efficient and easy (Song and Brady 2013).  
Using either type of microtubule network, kinesin-1 and kinesin-2 coupled cargo would be 
expected to move through an obstacle decorated microtubule network more efficiently than 
either a kinesin-1 only or kinesin-2 only cargo.    All these conditions proposed would help 
shed light onto kinesin-2’s contribution to vesicle motility on multi-motor complexes 
containing both kinesin-1 and kinesin-2.  Using these more physiological relevant systems 
will further our understanding of axonal transport regulation. 
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 One last future direction involves a different kinesin family member that is also 
involved in axonal transport, called kinesin-3 (~ 200 kDa per heavy chain) (Hirokawa and 
Noda 2008).  Kinesin-3 is associated with trafficking synaptic vesicles and mRNA in the 
axon (Hirokawa, Niwa et al. 2010), and its regulatory mechanism involves cargo-mediated 
dimerization between two inactive monomeric kinesin-3 heavy chains (Soppina, Norris et 
al. 2014).  Dimerization occurs through the coiled-coil region of the heavy chains, similar 
to the coiled-coil regions of kinesin-1 and kinesin-2 (Soppina, Norris et al. 2014).  Its 
characteristic run length is about 9µm, and its speed is 1-2 µm/s, making it the “marathon 
runner” of the known kinesins (Soppina, Norris et al. 2014). 
In particular, we are interested in understanding the relationship between neck-
linker length and the ability of the motor to switch protofilaments to determine if the neck-
linker has evolved to navigate microtubule obstacles.  Interestingly, the kinesin-3 neck-
linker length (17 amino acids) has the same number of amino acids as kinesin-2, and given 
that kinesin-2 switches protofilaments to maneuver around microtubule obstacles, kinesin-
3 may, too.  Other studies attribute a longer neck-linker to a reduction in processivity (how 
far a motor walks before detaching on the microtubule).  Kinesin-1’s shorter neck-linker 
(14 amino acids) makes it more processive than kinesin-2’s longer neck-linker (Shastry 
and Hancock 2010).  Lengthening kinesin-1’s neck-linker diminishes its processivity 
(Yildiz, Tomishige et al. 2008, Shastry and Hancock 2010) and shorting kinesin-2’s neck-
linker increases processivity (Shastry and Hancock 2010).  However, with the relatively 
recent work that demonstrates kinesin-3’s longer neck neck-linker length produces a highly 
processive motor does not agree with the idea that a longer neck-linker length reduces 
processivity.  One explanation to resolve this issue is an increase in kinesin-3’s positively 
135 
 
charged loop 12 in the motor domain, which interfaces with the negatively charged 
microtubule surface.  Kinesin-3 has a net +6 charge in loop 12 compared to kinesin-1’s +1 
and kinesin-2’s +2 charge, which increases its affinity to the microtubule (Grant, Gheorghe 
et al. 2011, Chen, Arginteanu et al. 2015).  In fact, even in the weak binding state (ADP 
state) kinesin-3 can diffuse along the microtubule surface, which is not observed for either 
kinesin-1 or kinesin-2 (Soppina, Norris et al. 2014).  Kinesin-3’s increase in microtubule 
affinity could explain why it’s so processive even with a longer neck-liner.  So it would be 
interesting to measure kinesin-3’s protofilament switch frequency in the presence of 
microtubule obstacles to see if it is higher than kinesin-2’s switch frequency and just as 
insensitive to microtubule obstacles.  We could then shorten kinesin-3’s neck-linker to see 
if it becomes sensitive to microtubule obstacles like kinesin-1.  We could also swap in loop 
12 of kinesin-3 into kinesin-2 to see if we could increase its processivity and still maintain 
its insensitivity to microtubule obstacles.  Lastly, we could both lengthen kinesin-1’s neck-
linker and swap in kinesin-3’s loop 12 to see if it behaves like kinesin-3, in terms of 
processivity, and kinesin-2, in terms of obstacle maneuverability. 
Kinesins evolved to perform different functions in axonal transport.  Neck-linker 
lengths may have evolved for different functions too, such as navigating microtubule 
obstacles.  So increasing the neck-linker length may make the motor better equipped to 
maneuver around microtubule obstacles at the expense of processivity (assuming 
everything else remains the same).  Using the kinesin-3 motor, we could test the 
relationship between the neck-linker length and the ability to navigate microtubule 
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